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The enantioselective syntheses of linear and cyclic homoallylic alcohols have been 
developed. These methodologies feature the following highlights: (1) epimerization was 
suppressed by using a milder acid and carrying out the reaction at lower temperatures; (2) 
first efficient method that controls, in situ, both the enantioselectivity and the olefinic 
geometry; (3) excess starting materials generated from the reaction can be recovered and 
reused; (4) olefin metathesis was achieved without protection of hydroxyl group in the 
presence of an acid.   
 
Subsequently, the preparation of stereo- and enantio-selective tetrahydropyrans by 
Prins cyclization was demonstrated. The significant features include: (1) preservation of 
stereochemical fidelity was achieved; (2) the utility of the allyl transfer and Prins 
cyclization methodologies in the enantioselective total synthesis of (−)-Centrolobine. 
 
 






The preparation of highly enantiomerically enriched homoallylic alcohols is gaining 
widespread attention, especially in the area of pharmaceuticals and agrochemicals. An 
unprecedented pathway of a highly enantioselective allyl transfer through suppression of 
epimerization is reported. In depth studies of this reaction suggested that the 
enantioselectivities were preserved employing a milder acid, CSA and carrying out the 
reaction at a lower temperature. Furthermore, excess chiral camphor-derived homoallylic 
alcohol and the camphor generated from the reaction can be recovered and reused, thus 









up to 81% yield
up to 96% ee  
 
Chiral branched homoallylic alcohols have been well developed by many groups, 
while the linear homoallylic alcohols have not received much attention. Even though 
there are recent examples for the synthesis of trans-linear homoallylic alcohols, there are 
no reported illustrations for the synthesis of the cis-linear regioisomer. Herein, an 
effective and unusual approach towards the synthesis of enantiomerically cis-linear 












up to 95% yield
up to 99% ee
up to >99% Z  
 
In this case, a crotyl transfer reaction employing a chiral camphor-derived branched 
homoallylic alcohol (syn/anti = 70/30) to react with a series of aldehydes under the 
catalysis of CSA has been carried out. With this, we developed a conceptually different 
strategy to access cis-linear homoallylic alcohols with high enantioselectivities.  
 
Tandem reactions have attracted the most attention due to their ability to shorten 
reaction time as well as reduce yield losses associated with extraction and purification of 
intermediates in multi-step sequences. Following our interest in the synthesis of 
enantioselective linear homoallylic alcohols, another class of homoallylic alcohols, was 
successfully synthesized in out lab. This class of cyclic homoallylic alcohols cannot be 
conveniently accessed via classical Diels-Alder reactions. Our strategy is to carry out a 















Another strategy involving a one-pot allyl transfer reaction, followed by olefin cross 
metathesis was successfully developed too. Both protocols have some distinctive 
features: (i) no protecting group is required; (ii) olefin metathesis is achieved in the 













Furthermore, the synthetic value of this protocol was demonstrated on the synthesis 
of an important precursor in Grahamimycin A, an excellent anti-bacterial and anti-fungal 
natural product. 
 
Of the many methods that are employed for synthesizing tetrahydropyrans (THPs), 
Prins cyclization emerges to be one of the most powerful and efficient reactions. This 
class of compounds is widely featured in many biologically significant natural products 
and medicinal agents. Herein, we have successfully developed a highly enantioselective 












Based on our successful establishment of the construction of highly enantioselective 
terminal homoallylic alcohols and Prins THPs, total synthesis of optically pure (−)-
centrolobine highlights the utilities of these two methodologies. Hence, we attempted to 
synthesize the well-studied antibiotics, which will be discussed. 
 
In my last section, an unusual indium triflate-mediated oxidation of aldehydes was 
reported. In all cases, the corresponding ketones and carboxylic acid were obtained with 
good to excellent yield. The further investigation regarding the synthetic potential of this 
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Chirality plays a central role in the chemical, biological, pharmaceutical, and material 
sciences. Preparation of enantiomerically pure compounds is essential for the 
advancement of these sciences. Often, the biological activity arises through the 
interaction of the compound with a chiral “biomolecule” such as enzyme or receptor. 
Therefore, enantiomers behave differently in the biological systems.1 For instance, 
thalidomide was widely consumed by women during pregnancy for the treatment of 
morning sickness. However, the drug in the racemic form caused a wave of birth defects. 
It was later found that the R isomer is teratogenic, but the S isomer is an effective 
sedative. If only the S isomer of the drug had been created, the disaster could be 
prevented.2 
 
Many biologically active natural products can be synthesized by the general routes of 
asymmetric synthesis. Among many of such transformations, asymmetric allylation of 
carbonyl functionalities stands out in its own right for constructing chiral homoallylic 
alcohols.3 Over the last few decades, homoallylic alcohols have become an indispensable 
moiety for the construction of complex organic molecules, securing its widespread 
involvement in both natural products and medicinal agent syntheses.4 Being important 
and versatile synthons, homoallylic alcohols are highly featured in many medicinal 
                                                 
1 Procter, G. Asymmetric Synthesis, Ed. Procter G., Oxford University Press, 1996, Chap 1. 
2 Stephensen G. R. Advanced Asymmetric Synthesis, Ed. Stephensen G.R., Chapman & Hall, 1996, pp 8. 
3 (a) Roush, W. R. In Comprehensive Organic Synthesis; Trost, B. M., Fleming, I., Heathcock, C. H., Eds.; 
Pergamon: Oxford, 1991; Vol. 2, pp 1 – 53. (b) Yamamoto, Y.; Asao, N. Chem. Rev. 1993, 93, 2207. 
4 (a) Nicolaou, K. C.; Kim, D. W.; Baati. R. Angew. Chem. Int. Ed. 2002, 41, 3701. (b) Hornberger, K. R.; 
Hamblet, C. L.; Leighton, J. L. J. Am. Chem. Soc. 2000, 122, 12894. (c) Felpin, F. X.; Lebreton. J. J. Org. 
Chem. 2002, 67, 9192. 
Enantioselective Allyl Transfer 
3 
agents such as prostaglandin E3,5 prostaglandin F3a,5 (+)-amphidinolide K,6 and 






(Exert a diverse array of physiological 


















(Chemotactic agent)  
Figure 1. Importance of homoallylic alcohols. 
 
The most widely employed methodology for the asymmetric synthesis of homoallylic 
alcohols is the allylation of aldehydes and ketones by allylic metals (Scheme 1).3 
Beginning in the late 1970s, considerable synthetic interests began to surface regarding 
the stereocontrol of the C – C bond formation in the reactions of allylmetals with 
aldehydes and ketones. This widespread use of allylic organometallics in controlling the 
stereochemistry of organic synthesis appears to be triggered by some pioneering works of 
                                                 
5 (a) Corey, E. J.; Shirahama, H.; Yamamoto, H.; Terashima, S.; Venkateswarlu, A.; Schaaf, T. K. J. Am. 
Chem. Soc. 1971, 93, 1490. (b) Corey, E. J.; Albonico, S. M.; Schaaf, T. K.; Varma, R. K. J. Am. Chem. 
Soc. 1971, 93, 1491. (c) Corey, E. J.; Ohuchida, S.; Hahl, R.; J. Am. Chem. Soc. 1984, 106, 3875. 
6 William, D. R.; Meyer, K. G. J. Am. Chem. Soc. 2001, 123, 765. 
7 For the first total synthesis, see: (a) Corey, E. J.; Marfat, A.; Goto, G.; Brion, F. J. Am. Chem. Soc. 1980, 
102, 7984. For the recent stereocontrolled total synthesis, see: (b) Kerdesky, F.; Schmidt, S. P.; Brooks, D. 
W. J. Org. Chem. 1993, 58, 3516. 
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Heathcock,8 Hoffmann9 and Yamamoto.10 First example involves Heathcock’s 
breakthrough of the Hiyama (E)-crotylchromium reagent which undergoes highly anti-
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Scheme 2. Heathcock’s discovery of anti-selective addition to aldehydes. 
 
A year later, Hoffmann et al. reported their discovery that (Z)-crotylboronates 
produce syn-homoallylic alcohols stereoselectively.9 Not long after that, Yamamoto et al. 
published their innovation on the Lewis acid mediated reaction of crotyltins with 
aldehydes that produces the syn-homoallylic alcohols regardless of the geometry of the 









syn selectivity >90%  
Scheme 3. Yamamoto’s report on addition of crotyltrialkyltins to aldehydes. 
                                                 
8 Buse, C. T.; Heathcock, C. H. Tetrahedron Lett. 1978, 1685. 
9 Hoffmann, R. W.; Zeiss, H.-J. Angew. Chem., Int. Ed. Engl. 1979, 18, 306. 
10 Yamamoto, Y.; Yatagi, H.; Naruta, Y.; Maruyama, K. J. Am. Chem. Soc. 1980, 102, 7107. 
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From the synthetic point of view, the ready conversion of homoallylic alcohols to the 
corresponding aldol products (Scheme 4, path A) renders the addition of organometallic 
allylic reagents to carbonyls to be a complementary strategy to the aldol additions of 
metal enolates (path B). Furthermore, the versatility of the alkene functionality in 
synthetic transformation also contributes to the potential of homoallylic alcohols as 
central synthons. This is demonstrated by the participation of alkene in the formation of 
aldehyde via ozonolysis (path C), the facile one-carbon homologation to δ-lactones via 
hydroformylation (path D), the selective epoxidation for introduction of a third 
stereogenic center (path E), or the cross olefin metathesis to various linear homoallylic 
alcohol fragments (path F). Overall, allylation of carbonyl compounds offers many 







































Scheme 4. Versatile building block – homoallylic alcohol. 
 
                                                 
11 For a review, see: Yamamoto, Y.; Asao, N. Chem. Rev. 1993, 93, 2207. 
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The development of new highly enantioselective C – C bond formation methods is an 
utmost task to many organic chemists.12 In this aspect, extensive efforts have been 
devoted to the exploration of chiral reagents and catalysts for the carbonyl-allylation and 
carbonyl-ene reactions, since the resulting homoallylic alcohols are versatile building 
blocks in the synthesis of many natural products and pharmaceuticals.5,13 In the past two 
decades, several asymmetric allylation methods have been developed based on either 
chiral allylation reagents or chiral catalysts. 
 
One of the most well-studied and widely used chiral allylation reagents are the 
allylboranes.14 A series of chiral B-allylborolanes has been successfully developed by 
many researchers over the past two decades (Figure 2). These chiral reagents have been 
frequently utilized in many natural product syntheses (Scheme 5). 
 
 
                                                 
12 Ojima, I. In Catalytic Asymmetric Synthesis; 2nd Ed.; Wiley-VCH, 2000; pp 465 – 498.. 
13 Mikami, K.; Shimuzu, M. Chem. Rev. 1992, 92, 1021. 
14 (a) Roush, W. R.; Walts, A. E.; Hoong, L. K. J. Am. Chem. Soc. 1985, 107, 8186. (b) Racherla, U. S.; 
Brown, H. C. J. Org. Chem. 1991, 56, 401. (c) Ito, H.; Tanikawa, S.; Kobayashi, S. Tetrahedron Lett. 1996, 
37, 1795. (d) Schreiber, S.; Groulet, M. T. J. Am. Chem. Soc. 1987, 109, 8120. (e) Corey, E. J.; Yu, C.-M.; 
Kim, S. S. J. Am. Chem. Soc. 1989, 111, 5495. (f) Roush, W. R.; Hoong, L. K.; Palmer, M. A. G.; Park, J. 
C. J. Org. Chem. 1990, 55, 4109. 
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Scheme 5. Application of chiral B-allylborolanes in natural product synthesis. 
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8 
Besides the extensively studied allylborane reagents, many other chiral allylation 
reagents have attracted substantial attention, and have been well-developed. For instance, 
allyltrichlorosilane, pretreated with (+)-diisopropyl tartrate, has been used to react with 























Scheme 6. Chiral allylsilane reagent for allylation. 
 
Another example involves a dialkoxyallylchromium complex 7 processing N-
benzoyl-L-proline 8, giving rise to excellent stereoselectivity in allylation reaction with 















+ THF,  78 
oC ROH =
7 8  
Scheme 7. Chiral allylchromium reagent for allylation. 
 
Organotitanates modified with a carbohydrate auxiliary were also successfully 
applied to the enantioselective allylations of aldehydes (Scheme 8).17 
 
                                                 
15 Wang, Z.; Wang, D.; Sui, X. J. J. Chem, Soc., Chem. Commun. 1996, 2261. 
16 Sugimoto, K.; Aoyagi, S.; Kibayashi, C. J. Org. Chem. 1997, 62, 2322. 
17 Riediker, M.; Duthaler, R. O. Angew. Chem. Int. Ed. Engl. 1989, 28, 494. 
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On the other hand, many enantioselective catalytic allylation methods have been 
developed. One of the methods involves various BINOL-based titanium complexes that 

















10 mol% cat, MS 4Å









Scheme 9. Allylation catalyzed by BINOL-based titanium complexes. 
 
 
                                                 
18 (a) Gauthier, D. R. Jr.; Carreira, E. M. Angew. Chem. Int. Ed. Engl. 1996, 35, 2363. (b) Keck, G. E.; 
Tarbet, K. H.; Geraci, L. S. J. Am Chem. Soc. 1993, 115, 8467. 
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In the presence of chiral (acyloxy)borane (CAB) complexes 9 and 10, derived from 
tartaric acid, allylic silanes or allylic stannanes reacted with aldehydes to produce the 































Scheme 10. Allylation catalyzed by CAB complexes. 
 
Recently, Yamamoto et al. reported that BINAP-Ag complexes 11 and 12 are 
efficient chiral catalysts for the enantioselective allylation reactions (Scheme 11).20 Our 
group found out that this complex can also catalyze enantioselective allylation in aqueous 
medium (EtOH/H2O, v/v 9:1).21 This represents the first example of a catalytic 
enantioselective allylation in aqueous medium. 
 
 
                                                 
19 (a) Ishihara, K.; Mouri, M.; Gao, Q.; Maruyama, T.; Furuta, K.; Yamamoto, H. J. Am. Chem. Soc. 1993, 
115, 11490. (b) Marchall, J. A.; Tang, Y. Synlett 1992, 653. 
20 a) Yanagisawa, A.; Nakashima, H.; Ishiba, A.; Yamamoto, H. J. Am. Chem. Soc. 1996, 118, 4723. (b) 
Yanagisawa, A.; Kageyama, H.; Ishiba, A.; Yamamoto, H. Angew. Chem. Int. Ed. 1999, 38, 3701. 
21 Loh, T.-P.; Zhou, J.-R. Tetrahedron Lett. 2000, 41, 5261. 






















Scheme 11. Allylation catalyzed by BINAP-Ag complexes. 
 
Our group has always been very interested in the development of enantioselective 
homoallylic alcohols, especially the linear adducts. In fact, we are very much concerned 
with the stereocontrol of the C–OH bond and the olefinic geometry. Even though 
extensive efforts have been devoted to the exploration of chiral reagents and catalysts for 
the carbonyl-allylation and carbonyl-ene reactions to produce homoallylic alcohols, 
almost all current methods produce branched (γ-adducts) homoallylic alcohols 13 
exclusively,22 except a few special cases, hence limiting access to the linear (α-adducts) 
homoallylic alcohols 14 and 15 (Figure 3).23 
 
                                                 
22 For reviews, see: (a) Yamamoto, Y.; Asao, N. Chem. Rev. 1993, 93, 2207. (b) Helmchen, G.; Hoffmann, 
R.; Mulzer, J.; Schaumann, E. Eds. Stereoselective Synthesis, Methods of Organic Chemistry (Houben-
Werl), 21st ed; Thieme Stuttgart: New York, 1996; Vol. 3, pp 1357-1602. (c) Denmark, S. E.; Fu, J. P. 
Chem. Rev. 2003, 103, 2763. 
23 For some examples, see: (a) Nokami, J.; Yoshizane, K.; Matsuura H.; Sumida, S. J. Am. Chem. Soc. 
1998, 120, 6609. (b) Tan, K. T.; Cheng, H. S.; Chng, S. S.; Loh, T. P. J. Am. Chem. Soc. 2003, 125, 2958. 
(c) Loh, T. P.; Lee, C. L. K.; Tan, K. T. Org. Lett. 2002, 17, 2985. (d) Cheng, H. S.; Loh, T. P. J. Am. 
Chem. Soc. 2003, 125, 4990. (e) Hirashita, T.; Yamamura, H.; Kawai, M.; Araki, A. Chem. Commun. 2001, 
387. (f) Okuma, K.; Tanaka, Y.; Ohta, H.; Matsuyama, H. Heterocycles, 1993, 1, 37. 











14 1513  
Figure 3. Various regioisomers of homoallylic alcohols. 
 
In general, four common strategies are employed for the synthesis of linear 
homoallylic alcohols, namely, barium-mediated allylation (Scheme 12),24 Lewis acid 
catalyzed ene-reactions of chiral glyoxylates (Scheme 13),25 transmetallation (Scheme 
14)26 and thermodynamic conversion from the corresponding kinetic branched 
homoallylic alcohol adduct (Scheme 15).27  
 
The strict anhydrous procedure of barium-mediated allylation limits its application, 
and moreover, the reaction is difficult to handle due to its sensitiveness towards moisture. 

















Scheme 12. Barium-mediated allylation. 
 
                                                 
24 Yanagisawa, A.; Habaue, S.; Yamamoto, H. J. Am. Chem. Soc. 1991, 113, 8955. 
25 (a) Whitesell, J. K.; Lawrence, R. M.; Chen, H.-H. J. Org. Chem. 1986, 57, 4779. (b) Whitesell, J. K. 
Acc. Chem. Res. 1985, 18, 280, and references cited therein. 
26 (a) Cohen, T.; Bhupathy, M. Acc. Chem. Res. 1989, 22, 152. (b) Depew, K. M.; Danishefsky, S. J.; 
Rosen, N.; Sepp-Lorenzino, L. J. Am. Chem. Soc. 1996, 118, 12463. 
27 Hong, B.-C.; Hong, J.-H.; Tsai, Y.-C. Angew. Chem. Int. Ed. Engl. 1998, 37, 468. 
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As for the ene-reaction, the limitation in substrates confines this method towards 
obtaining a wide scope of homoallylic alcohols. The high specificity to substrate 

































tryprostatin B  
Scheme 14. Transmetallation method in the synthesis of tryprostatin B. 
 
Therefore, the thermodynamically-controlled conversion of branched homoallylic 
alcohol to its corresponding linear homoallylic alcohol appears to be an appealing 
complementary approach. For example, Hong et al. demonstrated that such an example in 
their synthesis of xestovanin A (Scheme 15).  
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Scheme 15. Thermodynamic conversion for the synthesis of rosiridol A. 
 
Despite tremendous advances achieved in the past two decades, there are no general 
and yet efficient methods developed that exhibit α-regioselectivity. Hoffmann et al. has 
demonstrated that cis-linear homoallylic alcohols could be obtained in a two-step 
pathway: an allylboration reaction with a α-substituted allylboronates, followed by a 

















R1 = C6H11, R2 = H 79%, >99% ee, 67% Z 75%, >99% ee, 86% Z  




                                                 
28 (a) Hoffmann, R. W.; Giesen, V.; Fuest, M. Liebigs Ann. Chem. 1933, 629. (b) Stürmer, R.; Hoffmann, 
R. W. Synlett 1990, 759. 
Enantioselective Allyl Transfer 
15 
Recently, Nokami et al. disclosed a novel concept in the α-regiospecific allylation of 
aldehydes via a Sn(OTf)2-catalyzed allyl-transfer reaction from the corresponding 
branched (γ-adducts) homoallylic alcohols 16 derived from acetone (Scheme 17).29 
Similarly, other branched homoallylic alcohol donors derived from 2-butanone, 
cyclohexanone and cyclopentanone were found to exert this effect as that derived from 















16 17  
Scheme 17. Sn(OTf)2 catalyzed allyl transfer by Nokami et al. 
 
Subsequently, Nokami et al. further developed the method, which successfully 
converts the Sn(OTf)2-catalyzed allyl transfer reaction from the kinetic branched 
homoallylic alcohol 16 to the corresponding thermodynamic linear homoallylic alcohol 
17, in the presence of minute amount of the parent aldehyde.30 The mechanism for this 
allyl transfer was postulated to proceed via an oxycarbenium ion intermediate 18 that 




                                                 
29 (a) Nokami, J.; Yoshizane, K.; Matsuura, H.; Sumida, S. I. J. Am. Chem. Soc. 1998, 120, 6609. (b) 
Nokami, J.; Nomiyama, K.; Shafi, S. M.; Kataoka, K. Org. Lett. 2004, 6, 1261. 
30 Sumida, S. I.; Ohga, M.; Mitani, J.; Nokami, J. J. Am. Chem. Soc. 2000, 122, 1310. 
31 (a) Hopkins, M. H.; Overman, L. E. J. Am. Chem. Soc. 1987, 109, 4748. (b) Hopkins, M. H.; Overman, 
L. E.; Rishton, G. M. J. Am. Chem. Soc. 1991, 113, 5354. 






















































In the case where R1 = R = R2 = H, the sequence degenerates to conversion of the 
g-adduct of homoallylic alcohol to the corresponding a-adduct  
Scheme 18. Proposed mechanism for the allyl transfer reaction. 
 
It was also suggested that the reaction could be driven towards the products derived 
from the most stable cations or those containing sterically less hindered homoallylic 
alcohols and/or thermodynamically more stable olefins. These findings supply new 
opportunities for the development of linear homoallylic alcohols. 
 
In our laboratory, chiral branched homoallylic sterols 19 successfully transferred their 
chirality and allyl species to other aldehydes for the preparation of optically active linear 
homoallylic alcohols as depicted in Scheme 19.32 Allyl transfer reactions using these 
chiral branched homoallylic sterols afforded desired linear homoallylic alcohols in 
excellent enantioselectivities and olefinic geometries (trans). 
 
 
                                                 
32 Loh, T. P.; Hu, Q. Y.; Chok, Y. K.; Tan, K. T. Tetrahedron Lett. 2001, 42, 9277. 








R = Me, Ph
Std =
OUp to 99% ee and 99% E
 
Scheme 19. Allyl transfer from γ-adduct 22β-sterol to various aldehydes. 
 
While the enantioselective crotyl transfer reactions developed by Nokami33 and our 
group have been shown to be useful for the synthesis of trans-linear homoallylic 
alcohols, there are no reported examples for a one-pot synthesis of enantiomerically cis-
linear homoallylic alcohols. 
 
Based on Scheme 19, it can be concluded that if another chiral auxiliary34 can be 
judiciously chosen to effectively present a steric environment, in which the formation of 
the branched homoallylic alcohols precursor is highly diastereoselective, stereoselective 
access to the linear homoallylic alcohols would be achieved. It is hence predictable that 
this crotyl transfer reaction can provide a valuable platform for the development of a new 






                                                 
33 Nokami, J.; Nomiyana, K.; Matsuda, S.; Imai, N.; Kataoka, K. Angew. Chem. Int. Ed. 2003, 42, 1273, 
and references cited therein. 
34 For an extensive list of chiral auxiliaries, see: (a) Rahmen, A. U.; Shah, A. Stereoselective Synthesis in 
Organic Cheimstry, Springer, Berlin, 1993. (b) I. Seyden-Penne, Chiral Auxiliaries and Ligands in 
Asymmetric Synthesis, Wiley, New York, 1995. (c) Ager, D. J.; Prakash, J.; Schaad, D. R. Chem. Rev. 
1996, 96, 835. 
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In the next section, a new methodology to access enantiomerically enriched terminal 
homoallylic alcohols through suppression of epimerization will be discussed. During the 
investigation, a range of catalysts, aldehydes and solvents were considered in order to 
obtain the optimum yield and enantioselectivity. Following that, the development of a 
new methodology to access highly enantiomerically enriched cis α-adduct homoallylic 
alcohols will be discussed. Both methodologies disclosed a mechanism based on 2-
oxonia-[3,3]-sigmatropic rearrangement.  
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1.2 THE SYNTHESIS OF HIGHLY ENANTIOSELECTIVE TERMINAL 
HOMOALLYLIC ALCOHOLS THROUGH SUPPRESSION OF 
EPIMERIZATION35 
 
Previous strategies from our group have demonstrated that crotylation and 
cinnamylation of various aldehydes, affording the corresponding trans α-homoallylic 
alcohols in excellent enantioselectivities.32 However, it was found that during the allyl 
transfer reaction using sterol alcohol 19a, absence of the allylic substituent (R2 = H) 
undermines the inherent stereochemical fidelity of the allyl-transfer reaction, which 
degrades with prolonged reaction times (62% ee at 2 h, 56% ee at 4 h, 50% ee at 8 h and 
46% ee at 20 h). This observation can be explained by the involvement of a second 
competing 2-oxonia [3,3]-sigmatropic rearrangement leading to allyl transfer from this 
alcohol to its enantiomers (Scheme 20). This observation suggested that such Lewis acid-
catalyzed allyl-transfer reactions could be important side reactions in many 















Scheme 20. Second competing allyl transfer reaction. 
                                                 
35 Cheng-Hsia Angeline Lee, Teck-Peng Loh. A Highly Enantioselective Allyl-transfer through 
Suppression of Epimerization. Tetrahedron Letters. 2004, 45 5819.  
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Nokami et al. revealed their study on the racemization of homoallylic alcohols via an 
acid-catalyzed allyl transfer reaction.36 Similarly, the role of the parent aldehyde in the 
racemization is vital, which might be an important side reaction in many enantioselective 
allylation reactions, and substantially undermine the enantioselectivity. 
 
However, we envisaged that if the racemization step could be suppressed, highly 
enantioselective allyl transfer might be possible. Conceptually, the acid catalyst plays an 
equally important role as aldehyde in the epimerization reaction. Our preliminary 
investigation involved screening a range of Lewis acids and Brønsted acids to measure 
the rate of epimerization of terminal homoallylic alcohol 20a (the desired product for 
allyl transfer reaction) in dichloromethane at ambient temperature (Table 1). 
 









25 oC, 1 day
 
 
Entry ee (%) 
 
Acid 
Without aldehyde 21a With aldehyde 21a 
1 In(OTf)3 51 0 
2 InCl3 88 50 
3 InBr3 82 10 
4 Sn(OTf)2 89 70 
5 Cu(OTf)2 89 29 
6 Zn(OTf)2 88 78 
7 Sc(OTf)3 89 73 
8 La(OTf)3 88 76 
9 CSA 89 80 
10 pTSA 89 75 
 
In most cases, no racemization was observed except when indium complexes were 
used as Lewis acids (Table 1, entries 1, 2 and 3), as determined by HPLC analysis 
                                                 
36 Hussain, I.; Komasaka, T.; Ohga, M.; Nokami, J. Synlett, 2002, 4, 640. 
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employing a Daicel Chiralcel OD column. This is consistent with our previous report on 
the involvement of a retro-cleavage,37 which gradually resulted in the reduction of the 
enantioselectivities. Notably, higher extent of racemization was observed when alcohol 
20a was stirred in dichloromethane in the presence of the parent aldehyde. In addition, 
less epimerization were observed when Brønsted acids were employed (Table 1, entries 9 
and 10). Since the extent of epimerization catalyzed by CSA was minimal, it was the 
choice of catalyst for our allyl transfer investigation. 
 
 Next, we carried out our investigation on the effects of different reaction temperatures 
by stirring 20a in dichloromethane, employing CSA as the acid catalyst. The 
enantioselectivities of 20a remained unaffected at 0 oC, 15 oC, 25 oC and at reflux 
condition. However, another similar set of reactions with the addition of one equivalent 









                                                 
37 (a) Loh, T. P.; Tan, K. T.; Hu, Q. Y. Angew. Chem. Int. Ed. 2001, 40, 2921. (b) Tan, K. T.; Chng, S. S.; 
Cheng, H. S.; Loh, T. P. J. Am. Chem. Soc. 2003, 123, 2958. 
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Entry Conditions Time duration (min) Remarks 
1 0 oC 120 No change 
2 15 oC 120 No change 
3 25 oC 120 64% ee 
4 Reflux 120 17% ee 
 
It was found that racemization occurred at 25 oC and at reflux condition after 120 
min, giving rise to 64% ee and 17% ee, respectively (Table 2, entries 3 and 4). We 
believed that performing the reactions at lower temperatures could somehow suppress the 
epimerization process, allowing highly enantioselective homoallylic alcohols to be 
achieved. 
 
Replacing In(OTf)3 with CSA, the allyl transfer reaction of sterol alcohol 19a and 3-
phenylpropanaldehyde 21a was carried out at 15 oC (Scheme 21). The study showed that 
the enantioselectivity remained constant throughout the reaction, maintaining a good ee 
of 72% and a relatively low yield of 32%. With these results on hand, we explored into 
other chiral auxiliaries in order to achieve high enantioselectivity.  
 
 
                                                 
38 Reactions were performed with terminal homoallylic alcohol 20a, 3-phenylpropanaldehyde 21a and CSA 
in CDCl3 unless otherwise stated. After reaction was proceeded at the stated time and condition, a portion 
was worked up, purified and analyzed using chiral HPLC. 













Scheme 21. Allyl transfer using sterol alcohol 
 
Camphor is an attractive starting point for the synthesis of chiral auxiliaries since 
both enantiomeric forms are available and are reasonably cheap. The abundance, 
crystallinity and manifold transformations of (+)-camphor 22 has attracted considerable 
interest throughout the history of organic chemistry.39 By means of various 
rearrangements and functionalizations at C(3), C(5), C(8), C(9), and C(10), as well as 
cleavage of the C(1)/C(2) and C(2)/C(3) bonds, camphor has served as a fascinatingly 
versatile starting material for the synthesis of enantiomerically pure natural products. 
This chemistry which entails incorporation of the camphor topicity into the target 





















                                                 
39 For a review on camphor-based chiral auxiliaries, see: Oppolzer, W. Tetrahedron, 1987, 43, 1969. 
40 Money, T. Natural Prod. Reports 1985, 253. 
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Our preliminary investigation involved synthesizing a series of the chiral auxiliaries 
based on the camphor scaffold. Typical Grignard procedure allows the reactions of the 
allylmetal species with camphor 22, affording linear and branched homoallylic alcohols 
24a and 24b respectively, in good yields (Table 3, entries 1 and 2).41 However, Grignard 
reaction to produce 24c was futile mainly due to the bulky nature of phenyl group that 
might hinder allylation attack on the carbonyl group of camphor. The unsuccessful 
formation of 24d can be accounted as it is hard to prepare Grignard reagent possessing 
ester groups.  Notably, 24b was isolated as an inseparable mixture of diastereomers with 
a syn/anti ratio of 70/30, based on 1H NMR and 13C NMR analyses. 
 











22 24  
 
Entry R1 R2 Temp (o C) Time (h) 24 Yield (%) 
1 H H 0 1.5 24a 82 
2 CH3 H 0 2.0 24b 87 
3 Ph H 0 12.0 24c - 
4 CO2Et H - 78 12.0 24d - 
 
 
Next, we carried out the allyl transfer reaction by adding a diluted solution of 
camphor derived homoallylic alcohol 24a (1.5 equiv.) to a stirring solution of 3-
phenylpropionaldehyde 21a (1.0 equiv.) in dichloromethane under the catalysis of CSA 
                                                 
41 Dimitrov, V.; Simova, S.; Kostova, K. Tetrahedron. 1996, 52, 1699. 
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(0.1 equiv.) (Scheme 22). The desired product was obtained in 36% and an excellent 
enantioselectivity of 90% ee. With this encouraging result, we focused our investigation 











36%, 90% ee  
Scheme 22. Allyl transfer reaction using camphor derived alcohol 
 
Next, we went on to investigate further by carrying out the allyl-transfer reaction at 
various concentrations, maintaining the reaction temperature at 15 oC. Notably, when 
more camphor derived alcohol 24a was added, there is an improvement in yield from 
36% to 48% (Table 4, entry 2). In all cases, excellent enantioselectivities ranging from 
90% ee to 92% ee were obtained. This observation further demonstrated that 
epimerization is suppressed in all reactions when performed at a lower temperature.  The 
desired product was furnished with the highest yield when it was carried at 6.0 molar 
concentration (Table 4, entry 5). Performing the reaction neat furnished the desired 
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21a 20a  
Entry Molarity Yield (%) % ee 
1 0.3 36 90 
2 0.3 48 90a 
3 1.0 53 90a 
4 3.0 67 92a 
5 6.0 70 90a 
6 15.0 62 92a 
7 Neat 52 90a 
a 3.0 equivalents of 24a was used. 
 
With these optimal conditions, we went on to perform the allyl-transfer reaction on 
various aldehydes (Table 5). Expectedly, allyl-transfer on benzaldehyde was sluggish 
even with the elongation of reaction time to 168 h, giving the alcohol in poor yield of 
12%, but good ee of 90% (Table 5, entry 2). In a couple of cases, reducing the 
temperatures to 0 oC (Table 5, entries 4 and 5) and − 20 oC (Table 5, entry 8) furnished 
the products with better enantioselectivities. Furthermore, this allyl transfer protocol 
proves to be effective on linear aliphatic substrates as demonstrated on nonyl aldehyde 
(Table 5, entry 4) and cis-hepten-4-al (Table 5, entry 6) with relatively good yields of 
78% and 81% respectively. Overall, allyl transfer reactions to various aldehydes afforded 
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24a 21 20  






























 20g 146 65 92 
8 
O





BnO  20i 136 62 92 
10 
O
HBnO  20j 163 50 94 
a Reaction was performed at 0 oC. b Reaction was performed at ─20 oC c 86% ee (66% yield) was obtained 
when performed at 15 oC.  d 78% ee (62% yield) was obtained when performed at 15 oC. e 78% ee (62% 
yield) and 84% ee (56% yield) were obtained when performed at 15 oC and 0 oC respectively. 
 
Notably, excess chiral reagent 24a and camphor can be recovered and reused. To 
illustrate, the excess camphor-derived homoallylic alcohol 24a and the camphor 
produced from the reaction (Table 5, entry 3) were recovered in 93% and 72% yields, 
respectively. It is worthwhile to mention that reaction of the (1S)-(−)-camphor-derived 
homoallylic alcohol 24a’ with 21a furnished the other enantiomer of 20a at a good yield 
of 72% and excellent ee of 90%. 
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 In order to gain stereochemical insight to this highly enantioselective allyl transfer 
reaction, similar reactions were performed using the two isomers of camphor-derived 
homoallylic alcohols with optically pure steroidal aldehyde (Scheme 23). Both isomers, 
24a and 24a’, produced the corresponding sterol alcohols 20k and 20k’ in exclusively 
C22α and C22β respectively. These results showed that the stereochemistry of the 
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1.3 SYNTHESIS OF ENANTIOMERIC CIS-LINEAR HOMOALLYLIC              
ALCOHOLS BASED ON THE STERIC INTERACTION MECHANISM OF              
CAMPHOR SCAFFOLD42 
               
   
With successful establishment of allyl transfer reaction using camphor derived 
homoallylic alcohol, we focused our attention on the camphor derived branched alcohol 
24b synthesized in the previous section. The project began with our trial crotyl transfer 
reaction by stirring a solution of 3-phenylpropanal 21a (0.5 mmol, 1.0 equiv.) and CSA 
(0.05 mmol, 0.1 equiv.) in dichloromethane (1 mL) at room temperature. Next, camphor 
derived homoallylic alcohol 24b (0.75 mmol, 1.5 equiv.) was added to the reaction 
mixture. The desired product was observed from TLC analysis after stirring for 1 day. 
The reaction was worked up and the product was isolated in a relatively low yield of 
25%, but with excellent ee of 93% and excellent cis-geometrical selectivity of 94% 












Scheme 24. Trial crotyl transfer reaction 
 
                                                 
42 Chi-Lik Ken Lee, Cheng-Hsia Angeline Lee, Kui-Thong Tan, Teck-Peng Loh. An Unusual Approach 
Towards the Synthesis of Enantiomerically Cis-Linear Homoallylic Alcohols Based on the Steric 
Interaction Mechanism of Camphor Scaffold. Organic Letters. 2004, 6, 1281. 
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Notably, recovery of the excess chiral camphor homoallylic alcohol 24b was enriched 
with the anti-isomer (syn/anti = 40/60) from a initial diastereomeric ratio of syn/anti = 
70/30. The cis-olefinic geometry observed was further examined by our molecular 
modeling and Nokami’s proposed mechanistic pathway. From the molecular model for 
the transition state of the corresponding camphor branched homoallylic alcohol depicted 
in Scheme 25, we believed that only one isomer, the syn-branched homoallylic alcohol, 












































Scheme 25. Proposed transition state of crotyl transfer using the camphor scaffold. 
 
Based on the postulated mechanistic pathway proposed by Nokami el at. as 
mentioned in the previous section (Scheme 18), the branched homoallylic alcohol 24b 
forms oxonium-type ions with the aldehyde catalyzed by an acid catalyst, revealing two 
possible transition states. The anti branched homoallylic alcohol would most likely adopt 
                                                 
43 Another reaction was performed with only the pure syn-branched homoallylic alcohol 24b’ (0.36 mmol; 
1.2 equiv), 3-phenylpropanal (0.3 mmol; 1 equiv), and CSA (0.03 mmol; 0.1 equiv) in CH2Cl2 (0.1 mL; 3.0 
M), furnished the desired linear homoallylic alcohol 25a (81% yield; 98% ee and 99% Z). 
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a transition state similar to that of 28. Based on the molecular modeling of the six-
membered transition state,44 it is evident that the anti isomer of the branched homoallylic 
alcohols will have a severe steric repulsion with the C6 of the camphor scaffold, which 
explains the minimal formation of the trans-linear isomer 25a’ was not observed at all.  
 
On the contrary, transition state 26 shows that the syn isomer’s methyl groups are 
fixed in a manner where it avoids any close contacts with the camphor’s methylene 
protons before undergoing the rearrangement to furnish the preferred linear regioisomer 
25a.  
 
With the above encouraging preliminary studies, we aim to optimize the reaction 
conditions so as to push up the relatively low yield. Next, we studied on the temperature 
effects on the crotyl transfer reaction. It is evident from Table 6 that the crotyl transfer 
performed at 25 oC or ambient temperature (Table 6, entry 3) remains the preeminent 
condition, giving the product in the highest yield (25%). The reaction performed at 0 oC 
gave a slightly lower yield, whereas those performed at − 78 oC and reflux condition 
afforded the products in much lower yields. In all cases, the olefinic geometries and 






                                                 
44 Zimmerman, H. E.; Traxler, M. D. J. Am. Chem. Soc. 1957, 79, 1920. 
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25a21a (0.75 mmol)  
 
Entry Conditions Time (h) Yield (%) % ee (Z:E) 
1 − 78 oC 24 15 93 (97:3) 
2 0 oC 24 20 93 (97:3) 
3 25 oC 24 39 93 (94:6) 
4 reflux 24 11 93 (96:4) 
 
Following the temperature effect studies, we went on to carry out our investigation by 
varying the solvent medium for the crotyl transfer, whereby the results were depicted in 
Table 7. The reactions employing toluene was unsatisfactory, providing rather low yield 
of 8% (entry 1). Generally, crotyl transfer reactions precede smoothly using chlorinated 
solvents as shown in entries 2, 3 and 4. The best yield was achieved when the crotyl 
transfer reaction was allowed to be carried out in dichloromethane for 5 days using 1.0 
equivalent of 3-phenylpropanal 21a and 1.5 equivalent of 24b. Excess camphor branched 
homoallylic alcohol 24b and extended reaction time allow complete depletion of 
aldehyde 21a, affording the desired product in moderately good yield of 56% (Table 7, 
entry 3). However, reactions performed using THF, diethyl ether and ethanol did not give 
the desired product as observed from TLC analyses (Table 7, entries 5, 6 and 7). It is 
important to note that the relative polarity of solvents had no direct relationship with the 
crotyl transfer reaction due to the observations obtained using toluene and chloroform 
(Table 7, entries 1 and 4) 
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25a21a (0.75 mmol)  
 
Entry Solvent Polarity index Time (h) Yield (%) % ee (Z:E) 
1 Toluene 2.4 24 8 93 (98:2) 
2 CH2Cl2 3.1 24 25 93 (94:6) 
3 CH2Cl2 3.1 120 56 92 (98:2) 
4 CHCl3 4.1 24 <7 94 (98:2) 
5 THF 4.0 24 - - 
6 Diethyl ether 2.8 24 - - 
7 CH3CH2OH 5.2 24 - - 
 
To summarize, optimal results were obtained when the reaction was carried out at 
ambient temperature and using dichloromethane as the medium. When the reaction was 
performed at a higher concentration level (6.0 molar solution) with an excess amount of 
camphor-derived branched homoallylic alcohol 24b (3.0 equivalents), together with a 
longer reaction time for complete consumption of aldehyde, the desired product was 













25a (94% ee; 99% Z)21a (0.3 mmol)  
Scheme 26. Optimized reaction conditions for the crotyl transfer of 24b. 
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With these optimized conditions, we carried out the crotyl transfer reactions on 
various aldehydes as shown in Table 8.  
 
































25d 144 40 92 (96) 
5 
O
HBnO   25e 120 74
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In general, the crotyl transfer reaction is efficient for linear and less bulky substrates. 
Reactions with hexanal and nonyl aldehyde gave good to excellent yields of 68% and 
95% respectively (Table 8, entries 2 and 3). However, crotyl transfer with bulkier 
aldehyde such as cyclohexane carboxaldehyde gave relatively fair yield of 40%, with 
selectivities of 92% ee, 96% Z (Table 8, entry 4). Reactions of the dioxygenated 
substrates (Table 8, entries 5, 6 and 7) afforded the desired products with ee up to 99% 
displaying the cis olefinic geometries almost predominantly. It is worthwhile to mention 
that reactions of the (1S)-(−)-camphor branched homoallylic alcohol (diastereomeric 
mixture of syn/anti 64:36) with 21a furnished the other enantiomer of 25a (60% yield; 
93% ee; 99% Z). 
 
This reaction can also be tolerated by other functional groups. For instance, the crotyl 
transfer reaction with cis-hept-4-enal afforded the desired product with good yield and 
excellent selectivities (>99% ee, 84% Z) (Table 8, entry 8). Although the α,β-unsaturated 
ethyl ester type aldehyde needed a longer time to be depleted, this reaction is compatible 
with such functionality, affording moderate yields with excellent ee and predominantly 
cis olefinic geometry predominantly (>99% ee, 97% Z) (Table 8, entry 9). The notably 
sluggish reactivities of aromatic aldehydes (Table 8, entries 10 and 11) were further 
examined through a chemoselective study with competing aliphatic aldehydes (Scheme 
27). Results, though atypical, confirmed what was previously observed. In the presence 
of a more reactive aldehyde, the crotyl transfer reaction proceeded with good yield (75%) 
and excellent selectivities (99% ee, 98% Z). 
 




















Scheme 27. Chemoselective study. 
 
In order to broaden the scope and limitations of this methodology on aromatic 
substrates, many attempts were made to obtain the desired product 25j when 
benzaldehyde was used as the starting material. As shown in Table 9, the crotyl transfer 
reaction is indeed bound by some limitations of the aldehyde as none of the acid catalyst 
employed was able to afford the desired product in a respectable yield. More 
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(0.3 mmol)  
 
Acid catalyst Yield (%) % ee (% Z) Acid catalyst Yield (%) % ee (% Z) 
HCl - - Yb(OTf)3 - - 
TMS(OTf) Trace - Lu(OTf)3 - - 
TIPS(OTf) Trace - Ho(OTf)3 - - 
InF3 - - Tm(OTf)3 - - 
InCl3 Trace - Er(OTf)3 - - 
InBr3 Trace - Dy(OTf)3 - - 
In(OAcCF3)3 - - Tb(OTf)3 - - 
TfOH - - Nd(OTf)3 - - 
Sn(OTf)3 - - Pr(OTf)3 - - 
Cu(OTf)2 - - Gd(OTf)3 - - 
Zn(OTf)2 - - Eu(OTf)3 - - 
Ag(OTf) - - Y(OTf)3 - - 
La(OTf)3 - - Ce(OTf)4 - - 
Sc(OTf)3 Trace - Sm(OTf)3 - - 
  
From Scheme 25, transition states 26 also revealed the reason for the sluggish crotyl 
transfer reaction with aromatic aldehydes. If R = aromatic aldehydes benzaldehyde for 
instance, we believed that the subsequent rearrangement may destroy the conjugation of 
transition state 26, giving rise to a less stable transition state 27. Hence relatively low 
yields were observed for entries 10 and 11 in Table 8. 
 
  




Our group had demonstrated that homoallylic alcohols containing terminal double 
bonds racemize in the presence of strong Lewis acids and high temperature with or 
without the addition of an aldehyde. This observation suggests that a Lewis acid-
catalyzed allyl-transfer pathway might be an important side reaction in many 
enantioselective allylation reactions, which will substantially undermine the 
enantioselectivity. 
 
Our studies have shown that carrying out the reaction at low temperatures using a 
mild acid such as CSA suppresses this racemization process. We have successfully 
developed a highly enantioselective allyl transfer method to obtain terminal homoallylic 
alcohols in moderate to high yields. Moreover, excess chiral camphor-derived 
homoallylic alcohol and the camphor generated from the reaction can be recovered and 
reused, thus making this method attractive for the large scale preparation of homoallylic 
alcohols with high enantioselectivities. 
 
Furthermore, we have successfully demonstrated a different strategy to prepare to cis-
linear homoallylic alcohols, with moderate to high yields. To the best of our knowledge, 
this is the first efficient method that controls, in situ, both the enantioselectivity (up to 
99% ee) and the olefinic geometry (up to 99% Z) of cis-linear homoallylic alcohols.45 
Our chemoselectivity study has shown that this crotyl transfer reaction is highly viable 
                                                 
45 Another method which involves the preparation of cis-linear homoallylic alcohols was concurrently 
published: Nokami, J.; Nomiyama, K.; Shafi, S. M.; Kataoka, K. Org. Lett. 2004, 6, 1261. 
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for aliphatic substrates. Similarly, excess chiral camphor-derived branched homoallylic 
alcohol (89%) and the camphor (83%) generated from the reaction can be recovered and 
reused, thus, making this method attractive for scale-up preparation of cis-linear 
homoallylic alcohols with high enantioselectivities. We anticipate that this new Brønsted 
acid catalyzed allyl transfer reaction will be an indispensable tool in the synthesis of 
complex natural products, thereby allowing this methodology to be widely applicable as a 
synthetic method. 
 
At the same time, we have explored into other strategies with the application of these 
















2.1.1 TANDEM REACTIONS 
 
 Attainment of high efficiency is one of the fundamental objectives in chemical 
synthesis. Among the strategies, tandem reactions have attracted the most attention46 due 
to their ability to shorten reaction steps as well as reduce yield losses associated with 
extraction and purification of intermediates in multi-step sequences. The construction of 
multiple carbon-carbon bonds in a single chemical step represents a particularly efficient 
approach to the synthesis of complex molecular structure. Accordingly, much effort has 
been directed towards the development of new tandem reactions.  
 
 Webster’s International Dictionary defines tandem as “a two-seated carriage 
drawn by horses harnessed one before the other.” This definition was subsequently 
expanded to include “a group of two or more arranged in conjunction...”. In the context 
of multiple chemical reactions, “tandem” can therefore be taken to indicate two reactions 
which follow one another. 
 
 In nature, tandem (or domino) reactions are rather common although a direct 
comparison to the reactions in a flask is not possible because of the involvement of multi-
enzymes which can allow the catalysis of several steps sequentially, frequently with a 
multi-enzyme complex. An impressive example of the utility of this strategy is the 
                                                 
46 For reviews on tandem organic reactions, see: (a) Tietze, L. F. Chem. Rev. 1996, 96, 115. (b) Parsons, P. 
J.; Penkett, C. S.; Shell, A. J. Chem. Rev. 1996, 96, 195. (c) Ho, T. L. Tandem Organic Reactions John 
Wiley & Sons, Inc. New York, 1992. 
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biomimetic synthesis of Daphniphyllum alkaloids by Heathcock.47 The synthesis started 
with a triply convergent, tandem Michael addition-enolate alkylation, wherein amide, 
enoate and alkyl iodide are assembled in essentially quantitative yield (Scheme 28). The 


















Scheme 28. Biomimetic synthesis of Daphniphyllum alkaloids 
 
 In the biosynthesis of alkaloids,48 for instance tropinone and daphnilactone A, several 
bond-forming reactions follow each other in one sequence. With reference to this 
thought, the first domino reaction of a natural product was performed by Schöpf and 
Robinson putting together a mixture of succindialdehyde, methylamine and 
acetonediacrboxylic acid to give bicyclic tropinone which is a structural skeleton of 
several alkaloids such as cocaine and atropine49  (Scheme 29).  
 
                                                 
47 Heathcock, C. H.; Hansen, M. M.; Ruggeri, R. B.; Kath, J. C. J. Org. Chem. 1992, 57, 2544. 
48 Herbert, R. B. Nat. Prod. Rep. 1991, 8, 185. 
49 (a)Robinson, R. J. Chem. Soc. 1917, 111, 762; J. Chem. Soc. 1917, 111, 876. (b) Schöpf, C.; Lehmann, 












Scheme 29. Biomimetic domino synthesis of tropinone. 
 
 Many efforts have been focused on tandem Diels-Alder cycloadditions.50 One of the 
most historically important and practically significant applications of this methodology 
involves the Diels-Alder reaction of bicyclic bis-dienes, which can lead to a variety of 
bridged polycyclic ring systems. Intramolecular reaction of the bicyclic bis-diene 31 with 
dimethyl acetylenedicarboxylate presumably leads to the formation of a bimolecular 
adduct, 31’ (not isolated), which can then undergo intramolecular cycloaddition to give 
bridged tetracyclic products 32 and 33 as illustrated in Scheme 30. This reaction serves as 
the cornerstone as illustrated in the synthesis of dodecahedrane by Paquette et al.51 
 
H H














Scheme 30. Tandem Diels-Alder cycloaddition of bicyclic bis-dienes. 
 
 
                                                 
50 Winkler, J. D. Chem. Rev. 1996, 96, 167 and references cited therein. 
51 Paquette, L.; Ternansky, R. J.; Balogh, D.; Kentgen, G. J. Am. Chem. Soc. 1983, 105, 5446. 
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Although many tandem reactions have been reported, very few of these involve 
asymmetric synthesis. One of these examples involves optically active 1,1’-binaphthol 
(BINOL) and 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (BINAP), two most important 
classes of chiral biaryl ligands in asymmetric catalysis.52 BINAP ligands contain soft 
phosphorus atoms and are used to coordinate with soft late transition metals such as Rh 
and Ru to carry out asymmetric hydrogenation, olefin isomerization and others.52b,c One 
such example is the preparation of the first optically active BINOL-BINAP copolymer 
catalyst, which shows excellent stereoselectivity in sequential asymmetric reaction 

















Scheme 31. Sequential diethylzinc addition and hydrogenation 
 
Shibazaki et al. developed families of lanthanide heterobimetallic asymmetric 
catalysts, [LnM3{tris(binaphthoxide)}] (LnMB) which promote various asymmetric 
reactions.54 By fine-tuning of the chiral catalyst using achiral additives, the first example 
of an asymmetric sequential reaction with multifunctional [YLi3-{tris(binaphthozide)}] 
(YLB) was reported. The sequential cyanation-nitroaldol reactions combine two distinct 
                                                 
52 (a) Whitesell, J. K. Chem. Rev. 1989, 89, 1581. (b) Noyori, R. Acc. Chem. Res. 1990, 23, 345. (c) Noyori, 
R. Tetrahedron 1994, 50, 4259. 
53 Yu, H.- B.; Hu, Q.- S.; Pu, L. J. Am. Chem. Soc. 2000, 122, 6500. 
54 For reviews, see: Shibazaki, M.; Sasai, H.; Arai, T. Angew Chem. 1997, 109, 1290; Angew. Chem. Int. 
Ed. Engl. 1997, 36, 1236. 
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asymmetric reactions, with enantioselectivities ranging from 88% to 98% of the major 
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55 Tian, J.; Yamagiwa, N.; Matsunaga, S.; Shibasaki, M. Angew. Chem. Int. Ed. 2002, 41, 3636. 
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2.1.2 OLEFIN METATHESIS REACTIONS 
 
 One particularly interesting carbon-carbon bond formation reaction is olefin 
metathesis,56 which is the metal-catalyzed exchange of alkylidene moieties between 











Scheme 33. The principle of olefin metathesis 
 
 The generally accepted mechanism of metathesis reactions (“Chauvin mechanism”)57 
consists of a sequence of formal [2+2] cycloaddition/cycloreversions involving alkenes, 
metal carbenes and metallacyclobutane intermediate. Since all the individual steps of the 
catalytic cycle are reversible, an equilibrium mixture of olefins is obtained. In order to 
make the metathesis productive, it is therefore necessary to shift the equilibrium in the 
desired direction. The major ways to do this are depicted in Scheme 34, namely ring-
closing metathesis (RCM), ring-opening metathesis (ROM), ring-opening metathesis 
polymerization (ROMP), acyclic diene metathesis polymerization (ADMET) and cross 
metathesis (CM).  
 
                                                 
56 For general olefin metathesis reviews, see: (a) Ivin, K. J.; Mol, J. C. Olefin Metathesis and Metathesis 
Polymerization, 2nd ed.; Academic: San Diego, 1997. (b) Grubbs, R. H.; Pine, S. H. In Comprehensive 
Organic Synthesis; Trost, B. M., Ed.; Pergamon: New York: 1991; Vol. 5, Chapter 9.3 




















undesired homodimers  
Scheme 34. Important types of metathesis reactions 
 
 Over the past decade, olefin ring-closing metathesis (RCM) of acyclic dienes has 
received considerable attention as a highly efficient methodology for creating 
heterocycles, constrained peptides, and complex natural products.58 This is primarily due 
to the successful development of efficient ruthenium and molybdenum carbene catalysts 
(Figure 5). Schrock’s molybdenum based catalyst 35 was characterized by its very high 
activity, however, its sensitivity towards air and moisture required stringent handling in 
rigorously dried solvents under an inert atmosphere.59 In contrast, the Grubbs’ ruthenium 
catalysts 3660 and 3761 have been used most extensively in RCM because of their high 
reactivity, air-stability, and remarkable functional group tolerance. 
                                                 
58 (a) Grubbs, R. H.; Chang, S. Tetrahedron 1998, 54, 4413. (b) Schuster, M.; Blechert, S. Angew. Chem., 
Int. Ed. Engl. 1997, 36, 2036. (c) Schmalz, H.-G. Angew. Chem., Int. Ed. Engl. 1995, 34, 1833. (d) Grubbs, 
R. H.; Miller, S. J.; Fu, G. C. Acc. Chem. Res. 1995, 28, 446. 
59 For some examples, see: (a) Schuster, M.; Blechert, S. Angew. Chem. 1997, 109, 2114. (b) Schuster, M.; 
Blechert, S. Angew. Chem. Int. Ed. Engl. 1997, 36, 2036. 
60 Nguyen, S. T.; Grubbs, R. H. J. Am. Chem. Soc. 1993, 115, 9858. 






















Figure 5. Some typical olefin metathesis catalysts 
 
 In recent years, olefin cross metathesis62 has emerged as a convenient route to 
functionalized higher olefins from simple alkene precursors. Due to the availability of the 
above metal carbene catalysts, a variety of functional groups amenable to olefin cross 
metathesis has been expanded and the preparation of highly substituted olefins by olefin 
cross metathesis is revealed. Often, the resulting olefins are stereoselectively produced.63 
However, olefin cross metathesis remains an underrepresented area of olefin metathesis 
when compared to RCM and ROMP.  This is mainly due to the undesirable 
homodimerization as well as the low reactivity of the homodimers which hinder further 
metathesis.   
 
 As metathesis necessarily converts one alkene into a new one, this reaction is 
predisposed for sequential transformations. Particularly attractive are domino processes 
incorporating different metathesis events (for example, RCM/ROM/CM or 
                                                 
62 For olefin cross metathesis reviews, see: (a) Chatterjee, A. K.; Choi, T.-L.; Sanders, D. P.; Grubbs, R. H. 
J. Am. Chem. Soc. 2003, 125, 11360. (b) Blackwell, H. E.; O’Leary, D. J.; Chatterjee, A. K.; Washenfelder, 
R. A., Bussmann, D. A.; Grubbs, R. H. J. Am. Chem. Soc. 2000, 122, 58. 
63 For some examples, see (a) Cossy, J.; BouzBouz, S.; Hoveyda, A. H. J. Organomet. Chem. 2001, 624, 
327. (b) Hoveyda, A. H.; Gillingham, D. G.; Van Veldhuizen, J. J.; Kataoka, O.; Garber, S. B.; Kingsbury, 
J. S.; Harrity, J. P. A. Org. Biomed. Chem. 2004, 8. (c) Weeresakare, G. M.; Liu, Z.; Rainier, J. D. Org. 
Lett. 2004, 6, 1625. 
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RCM/ROM/RCM) as they provide a tremendous increase in molecular complexity in a 
single catalytic and atom-economical step. Likewise, combinations of metathesis and 
other transformations of alkenes, such as Diels-Alder, hydrogenation and allylboration 
reactions are being explored recently. Some pioneering studies along these lines which 
feature the strategic advantages of such “orchestrated” maneuvers will be discussed. 
 
 Since the enyne metathesis reaction produces conjugated dienes, the reaction was 
soon preceded to the Diels-Alder reaction, for example, a sequential yne-ene cross 
metathesis and Diels-Alder reaction from readily available monosaccharide building 
blocks (Scheme 35).64 It involves a selective cross metathesis between a terminal alkyne 
38 and a terminal alkene 39 yielding 1,3-disubstituted butadienes 40, followed by Diels–










































Scheme 35. Sequential cross metathesis and Diels-Alder 
                                                 
64 Schurer, S. C.; Blechert, S. Chem. Commun. 1999, 1203. 
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 Following that, there are a few examples that accomplish a tandem enyne, diene-
ene metathesis reaction followed by Diels-Alder reaction. 65 One particular methodology 
developed by Lee et al. gave rise to a stereoselective three-component reaction protocol 














Scheme 36. A one-pot three-component tandem olefin metathesis/Diels-Alder reaction 
 
 While ruthenium complex 36 has found extensive applications in olefin metathesis, it 
was also recently shown to be an effective precatalyst for mediating radical addition67 
and hydrogenation reactions.68 Grubbs et al. has successfully demonstrated a one-pot 









Scheme 37. Tandem RCM-hydrogenation reaction catalyzed by 36 or 37. 
 
                                                 
65 (a) Bentz, D.; Laschat, S. Synthesis 2000, 1766. (b) Moreno-Manas, M.; Pleixats, R.; Santamaria, A. 
Synlett 2001, 1784. (c) Rosillo, M.; Domínguez, G.; Casarrubios, L.; Amador, U.; Pérez-Castells, J. J. Org. 
Chem. 2004, 69, 2084.  
66 Lee, H.-Y.; Kim, H. Y.; Tae, H.; Kim, B. G.; Lee, J. Org. Lett. 2003, 5, 3439. 
67 Simal, F.; Demonceau, A.; Noels, A. F. Angew. Chem. Int. Ed. Engl. 1999, 38, 538. 
68(a) Watson, M. D.; Wagener, K. B. Macromolecules 2000, 33, 3196. (b) Dias, E. L.; Grubbs, R. H. 
Organometallics 1998, 17, 2758. 
69 Louie, J.; Bielawski, C. W.; Grubbs, R. H. J. Am. Chem. Soc. 2001, 123, 11312. 
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 The allylation of aldehydes with allyl boron reagents is an excellent method for the 
stereoselective synthesis of homoallylic alcohols and is widely used in organic synthesis. 
Despite decades of interest, the accessibility of functionalized allyl boron reagent remains 
limited. Grubbs et al. has addressed this problem through the development of a tandem 
olefin metathesis, followed by allylboration, producing the resulting functionalized γ-
















Scheme 38. A three-component tandem cross metathesis/allylboration reaction 
 
 Although many tandem reactions have been reported, very few of these involve 
asymmetric transformations.71 In the next two sections, the development of a tandem 
protocol for the synthesis of cyclic and linear homoallylic alcohols that are not accessible 
by our previous strategy will be highlighted. In all cases, the stereochemical fidelities of 
the desired alcohols are retained. In addition, application of our methodologies was 
demonstrated on the synthesis of important precursor of natural products.  
 
 
                                                 
70 Goldberg, S. D.; Grubbs, R. H. Angew. Chem. Int. Ed. 2002, 41, 807. 
71 (a) Lee, H. Y.; Kim, H. Y.; Tae, H.; Kim, B. G.; Lee, J. Org. Lett. 2003, 5, 3439. (b) Huang, P. Q.; Lan, 
H. Q.; Zheng, X.; Ruan, Y. P. J. Org. Chem. 2004, 69, 3964. (c) Touré, B. B.; Hall, D. G. Angew. Chem. 
Int. Ed. 2004, 43, 2001. (d) Zhong, G. Chem. Commun. 2004, 606. (e) Morgan, J. B.; Morken, J. P. Org. 
Lett. 2003, 5, 2573. 
Tandem Reactions 
52 
2.2 TANDEM ENANTIOSELECTIVE ALLYL TRANSFER/OLEFIN RING-
CLOSING METATHESIS 
 
 Six-membered cyclic homoallylic alcohols are interesting, versatile synthons for the 
preparation of biologically active compounds.72 To elaborate, Tanaka et al. had reported 
the first total synthesis of mosin B, a monotetrahydrofuran acetogenin isolated from the 
bark of Annona squamosa. Mosin B shows selective cytotoxity activity against the 
























(analogues of carbohydrates)  
Figure 6. Importance of cyclic homoallylic alcohols. 
 
 
                                                 
72 (a) Maezaki, N.; Kojima, N.; Sakamoto, A.; Iwata, C.; Tanaka, T. Org. Lett. 2001, 3, 429. (b) Arjona, O.; 
Lorenzo, G.; Medel, R.; Plumet, J. Tetrahedron Lett. 2001, 42, 7041. 
73 Hopp, D. C.; Zeng, L.; Gu, Z.-M.; Kozlowski, J. F.; McLaughlin, J. L. J. Nat. Prod. 1997, 60, 581. 
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 Following our interest in the synthesis of enantioselective linear homoallylic alcohols, 
our group proceeded to investigate into this class of cyclic precursors. To the best of our 
knowledge, cyclic homoallylic alcohols cannot be conveniently accessed via classical 
Diels-Alder reactions. We envisaged that if an allyl transfer reaction followed by a 
subsequent ring-closing olefin metathesis could be achieved, this tandem reaction would 
be able to afford the desired alcohols with the retention of enantioselectivities. 
 
 The success of the olefin metathesis reactions involving metal carbenes has arrived 
after the development of new stable and easy to handle catalyst (35, 36 and 37). In our 
initial study, we performed a few control reactions. First, Ru complex 36 (10 mol%) was 
added to a stirred solution octa-1,7-dien-4-ol 20l in dichloromethane. After stirring for 2 
h, TLC analysis revealed a new spot, as well as the disappearance of alcohol 20l. Upon 











Scheme 39. Monitoring of RCM reaction. 
 
Next, an identical reaction as above was carried out with the inclusion of 10 mol% 
CSA, the acid catalyst for the allyl transfer reaction. Nonetheless, reaction did not go to 












Scheme 40. Controlled reaction for the tandem reaction. 
 
Believing that CSA may “poison” the Ru complex, we carried out another similar 
reaction. Instead of 10 mol%, a total amount of 20 mol% Ru complex 36 was added 
sequentially over a period of 2 h. After the reaction was stirred for another 2 h, TLC 
analysis showed that the olefin ring-closing metathesis proceeded smoothly to completion 
with an isolated yield of 74%. The additional 10 mol% of Ru complex 36 proves 
effective as it drives the olefin ring-closing metathesis to completion. 
 
 With these encouraging results, we carried out the one-pot tandem reaction by 
performing the first step, allyl transfer reaction (Scheme 41). Upon complete 
consumption of 4-penten-1-al, the reaction mixture was slowly warmed to room 
temperature and diluted to 0.01 M before the sequential addition of the Ru complex 36.  
The olefin ring-closing metathesis went smoothly with complete consumption of the allyl 
transfer product as observed from TLC analysis. The desired cyclic alcohol was afforded 








1) CSA, 15 oC
    CH2Cl2 
2) 36, 0.01M
     rt
OH
41a
80% yield, 90% ee
24a
 
Scheme 41. One-pot tandem allyl-transfer/RCM. 
 
 To widen the scope of this tandem protocol, we carried out the reaction on various 
potential aldehydes as illustrated in Table 10.  
 
Table 10. Tandem one-pot allyl-transfer/RCM on various aldehydes. 






















































41g 152 28 90(8) 
       
a Yields are based on the amount of aldehyde added. 
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For entry 3, the reaction proceeded sluggishly, affording the cyclic alcohol with a fair 
yield of 16% but excellent ee of 88%. We believe that the low yield may be due to the 
steric repulsion exerted by the two methyl group, which hinders the formation of the 
oxonium intermediate. Furthermore, the effort to obtain conjugated cyclic alcohol was 
futile due to the α,β-unsaturation of the aldehyde. As mentioned earlier in chapter 1.3, 
conjugation with the oxonium intermediate destabilizes the transition state, giving rise to 
minimal formation of the corresponding homoallylic alcohol. As a result, no desired 
product was obtained for the first step.  
 
In an attempt to further investigate the versatility of this tandem methodology, we 
carried out the reaction on potential aldehydes that will afford seven-membered and 
eight-membered cyclic homoallylic alcohols as depicted in entries 2, 7 and 8. In our 
initial study, the olefin ring-closing metathesis for entries 7 and 8 gave the desired cyclic 
alcohols in 49% and 53% yields respectively. We believe that ring strains in seven-
membered and eight-membered rings may be the reason for the lower yields as compared 
to 6-membered rings. Nonetheless, during the tandem reactions, the RCM step did not go 
to completion, giving low to moderate yields of 25%, 28% and 42% respectively. 







 During our demonstration on various aldehydes as shown in Table 10, we had an 
unusual observation from entry 5. After Ru complex 36 was added for the RCM step, the 
reaction mixture was allowed to stir for 6 h. TLC analysis indicated that the linear 
homoallylic alcohols have not been consumed completely. Since no significant progress 
was observed even with an elongation of the reaction time to 20 h, the reaction was 
worked up and the cyclic alcohol was isolated. Instead of having a diastereomeric 
mixture of 41d and 41d’, only one isomer was observed by chiral HPLC analysis, which 
indicated a resolution of the diastereomeric alcohols. Through our further investigation, 
we observed that the two diastereomers 20m and 20m’ were formed during the allyl 
transfer step with a diastereomeric ratio of 54:46 (8% de). Upon RCM, only one isomer 
41d was observed (Scheme 42). On the other hand, the unconsumed alcohol 20m, which 
did not undergo olefin ring-closing metathesis, was isolated in 36% yield, 90% ee and 

















    0.01M
Not observed33%
20m                     20m'
41d                         41d'




Scheme 42. Resolution of diastereomeric mixtures. 
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 In an attempt to investigate the unusual diastereomeric resolution, a solution of 
racemic alcohol 20m (four isomers) was stirred under the catalysis of Ru ccomplex 36 
together with various conditions, namely in the presence of either CSA (10 mol%), 
branched homoallylic alcohol of camphor 24a (1.0 equiv), (+)-camphor (1.0 equiv) and 
all of the above. The reaction was allowed to stir for 6 h, and the alcohol was isolated and 




























(2) Racemic 20m + (+)-camphor + Ru complex 36 


























Figure 7. HPLC chromatographs for resolution studies. 
(3) Racemic 20m + CSA + (+)-camphor + Ru complex 36 
(4) Racemic 20m + 24a + Ru complex 36 
(5) Racemic 20m + CSA + 24a + Ru complex 36 
(6) Racemic 20m + CSA + (+)-camphor + 24a + Ru complex 36 
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Entry Conditions Diastereomeric ratio 
(41d’:41d) 
1 CSA 46:54 
2 Camphor 44:56 
3 Camphor + CSA 42:58 
4 24a 32:68 
5 24a + CSA 35:65 
6  24a + CSA + Camphor 22:78 
 
From the above investigation, the diastereomeric resolution was not as good as that 
observed in the tandem reaction. In addition, as indicated in entries 4, 5 and 6, the 
camphor derived homoallylic alcohol 24a seems to play an important role in the 
resolution with enhancement of the diastereomeric excess (de) compared to those without 
24a (entries 1, 2 and 3). This enhancement of de was exceptionally greater as shown in 
entry 6 in the presence of all components in a real tandem reaction. Furthermore, this 
enhancement occurred without the addition of aldehyde, albeit with lower selectivity. 
 
We carried the tandem reaction on another similar aldehyde (Table 10, entry 6), 
replacing the benzyloxy group with non-oxygenated substituent, for instance phenyl 
group. 74  Nevertheless, lower diastereoselectivity was observed, affording the cyclic 
alcohol with 46% yield, 80% ee and 16% de. This result suggested that the phenyl group 




                                                 
74 Method used for the preparation of this aldehyde: Cinnamyl alcohol (10mmol, 1 equiv.) and ethyl vinyl 
ether (30mmol, 3 equiv.) were refluxed for 3 h. The resulting ether was purified by column 
chromatography. The ether was refluxed in toluene at 190-195 oC in sealed tube, purified using column 
chromatography, affording the aldehyde in overall yield of 46%. 
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With all the above results, we can conclude that 
1) The benzyloxy group as shown in entry 5 (Table 10) is critical for the high 
diastereoselectivity. 
2) The role of aldehyde is not critical for this high selectivity as demonstrated in the 
HPLC studies (Figure 7). 
3) Camphor derived homoallylic alcohol 24a plays an important role in the 
diastereomeric resolution. 
 
 Based on these monitoring studies, we believe that alcohol 24a could have 
complexed with the Ru complex 36 to form a chiral species. During the course of the 
reaction, the chiral species preferentially complexes to only one of the two isomeric 
alcohols 20m, leading to high diastereoselectivity. However, more work needs to be done 
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2.3  TANDEM ENANTIOSELECTIVE ALLYL-TRANSFER AND OLEFIN CROSS 
METATHESIS75 
 
 In our group, we have successfully developed highly enantioselective allyl transfer 
methodologies to obtain enantiomerically enriched linear homoallylic alcohols. As 
mentioned in the previous chapter, the corresponding alcohols are obtained in excellent 
selectivities and moderate to good yields (Scheme 44). However, one of the limitations of 
this rearrangement is the inability of this strategy to afford the linear homoallylic alcohols 
where R1=CO2Et. Furthermore, some of the homoallylic alcohols are of low boiling 
points which hamper further synthetic manipulation. To circumvent this problem, we 
envisage that a tandem reaction involving asymmetric allyl transfer followed by olefin 
cross metathesis (CM) will provide an easy access to a wide variety of linear, 








24a: R1 = H                                                                            Up tp 96% ee









                                                 
75 Cheng-Hsia Angeline Lee, Teck-Peng Loh. Tetrahedron Letters. 2004, 47, 809  
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 Recently, a cross-metathesis study has been elegantly demonstrated by Cossy’s 
group76 between acid- and base-sensitive functional olefins and electron deficient olefins 
using Grubbs-Hoveyda catalyst. However, a one-pot tandem reaction involving olefin 
cross metathesis is yet to be explored. In our preliminary studies, we carried out a few 
control reactions in order to investigate the feasibility of this tandem reaction. First, 
homoallylic alcohols 25a and 20a were subjected to three equivalents of methyl acrylate 
and a catalytic amount of Grubbs’ catalyst (both 36 & 37) at room temperature (Scheme 
45). From the investigation, reactions catalyzed by catalyst 36 did not afford any desired 
product as observed from TLC analysis. It is worth noting that the reactions catalyzed by 
catalyst 37 furnished the CM products and moderate yields of 77% (R1 = H) and 71% (R1 
= CH3) were obtained. In both cases, the CM reactions were carried out without 




















20a: R1 = H
25a: R1 = CH3
CO2Me
 
Scheme 45. Monitoring the feasibility of CM reactions. 
 
 
                                                 
76 Cossy, J.; BouzBouz, S.; Hoveyda, A. H. J. Organomet. Chem. 2001, 624, 327. 
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Next, we investigated the cross metathesis reactions of both camphor derived 
homoallylic alcohols 24a and 24b with methyl acrylate (Scheme 46). Interestingly, the 
reaction involving 24a afforded the CM product in 66% yield. On the other hand, the 
reaction involving 24b afforded the product in very poor yield of <5%. This result is 
consistent with the recent studies by Grubbs et al. which show that branched homoallylic 




24a: R1 = H                            





46a: R1 = H 
46b: R1 = CH3
CO2Me
 
Scheme 46. Monitoring the feasibility of CM reactions. 
 
 Our next investigation entailed a one-pot tandem allyl transfer/cross metathesis 
reaction, by carrying out the allyl transfer methodology first (Scheme 47). Upon 
disappearance of 3-phenylpropanal 21a on the TLC after approximately 5 days, reaction 
mixture was diluted, and methyl acrylate (3.0 equiv.) and the Ru complex 37 (0.2 equiv.) 
were sequentially added. In the previous section, we have shown that sequential addition 
of Ru complex enhances the olefin metathesis step. Notably, the cross metathesis went to 
completion, and the desired α-homoallylic alcohol 45a was isolated in 54% yield, and 
94% ee as determined by chiral stationary phase HPLC employing a Daicel Chiralcel 









1) CSA, 25 oC, CH2Cl2









Scheme 47. One-pot tandem allyl-transfer/cross metathesis. 
 
We went on to explore a range of olefinic compounds, as illustrated in Table 11. 
Generally, the enantioselectivities were consistent for all entries. No product was 
observed when methyl methacrylate was employed (Table 11, entry 3), mainly due to the 
inability of branched olefins to undergo cross metathesis. It is interesting to note that the 
presence of the methyl group on the electron deficient olefin (Table 11, entry 4) amplifies 
the formation of less reactive homodimers, which afforded the desired product in 
relatively low yield (36%). All in all, tandem reaction involving methyl acrylate furnishes 
the desired product with the highest yield (Table 11, entry 1). 
 
Table 11. One-pot tandem allyl transfer/olefin CM using various olefinic compounds. 
Entry Olefinic compound Product  Yield (%)
 % ee 
1 CO2Me  Ph
OH
CO2Me  45a 54 94 
2 CHO  Ph
OH
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With these results in hand, we carried out the one-pot tandem allyl transfer/cross 
metathesis reaction on various aldehydes. The results are summarized in Table 12. The 
tandem reactions proceeded to afford the products in better yields than the 2-step 
sequence processes. In all cases, only the E isomer was observed.77  
 






1) CSA, 25 oC, CH2Cl2




















45f 126 40 96 
4 
O





BnO  45h 150 52 94 
6 
O




 45j 126 58 96 
 
 A lower yield was observed for entry 3 is mainly attributed to the moderate yield by 
allyl transfer reaction to cyclohexane caboxaldehyde. Reactions with the oxygenated 
aldehydes (Table 12, entries 4, 5 and 6) afforded the desired products with moderate 
yields and excellent ee. Notably, the tandem reaction was unaffected by the α,β-
unsaturated carbonyl functionality in the aldehyde (Table 12, entry 7).  
                                                 
77 Only the E isomer was observed from the 1H NMR. 
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In an attempt to apply our tandem protocol, numerous structurally identical 
homoallylic alcohols were considered. To the best of our knowledge, some of these 
alcohols include optically active precursors of biologically significant natural products 
and potential pharmaceutical agents. Some of these will be described as follow. 
 
Three natural products, namely cryptocarya triacetate, cryptocaryolone and 
cryptocaryolone diacetate (Figure 8) from the leaves and bark of the South African plant, 
Cryptocarya latifolia, have been long sought after for their legendary magical and 
medicinal properties.78 These alleged properties range from the treatment of headaches 
and morning sickness to the treatment of cancer, pulmonary diseases, and various 










Cryptocarya triacetate Cryptocaryolone Cryptocaryolone diacetate  
Figure 8. Three natural products from Cryptocarya latifolia. 
 
Synthetic approaches to these molecules have been reported by many research 
groups.79 One of them by O’Doherty et al. involves the enantioselective synthesis of 
alcohol 45k, as illustrated in Scheme 48. This alcohol is accessible by our developed 
tandem protocol. 
                                                 
78 Sam T. W.; Yeu, C. S.; Jodynis-Liebert, J.; Murias, M.; Bloszyk, E. Planta Med. 2000, 66, 199. 
79 Some examples would include: (a) Hunter, T. J.; O’Doherty, G. A. Org. Lett. 2001, 3, 2777. (b) Garaas, 
S.; Hunter, T. J.; O’Doherty, G. A. J. Org. Chem. 2002, 67, 2682. (c) Nakata, T.; Hata, N.; Iida, K.; Oishi, 
T. Tetrahedron Lett. 1987, 28, 5661. (d) Boger, D. L.; Ichikawa, D.; Zhong, W. J. Am. Chem. Soc. 2001, 











Scheme 48. Retro-synthesis of Cryptocarya latifolia. 
 
Ambruticin S is another natural product, which involves the synthesis of 
enantioselective homoallylic alcohol with terminal ester functionality. This natural 
product is a structurally novel antifungal antibiotic that was isolated from the 
fermentation extracts of Polyangium cellulosum var. fulvum in 1977 by researchers at 
Warner-Lambert.80 Martin et al. has demonstrated the total synthesis of ambruticin S for 



































Scheme 49. Martin’s approach towards total synthesis of ambruticin S. 
 
                                                 
80 Connor, D. T.; Greenough, R. C.; von Strandtmann, M. J. Org. Chem. 1977, 42, 3664. 
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 Of the examples illustrated above, the synthetic value of this tandem protocol was 
demonstrated by the preparation of homoallylic alcohol 45k, which is also an important 
precursor of grahamimycin A, grahamimycin A1 and colletodiol (Figure 9). 
Grahamimycin A and grahamimycin A1 are 14-membered bislactones isolated from the 
medium used for the aerobic fermentation of cultures of Cytospora sp. ATCC 20502.81 
Although their structures are similar, the former exhibits stronger antibacterial and 
antifungal activities towards pathogenic microorganisms. Interestingly, grahamimycin A 
was shown to be identical to colloetoketol,82 which has been isolated83 from the 
pathogenic plant fungus Colletotrichum capsici along with other similar bislactones such 




















Figure 9. Natural products of synthetic interest. 
 
 Scheme 50 illustrates the retrosynthesis of grahamimycin A, depicted by Kobayashi 
in his first total synthesis.84 Keeping the furan-ring oxidation in mind, grahamimycin A 
was retrosynthesized through a seco acid into furan and subsequently into acid and 
                                                 
81 Gurusiddaiah, S.; Ronald, R. C. Antimicrob. Agents Chemother. 1981, 19, 153. 
82 (a) O’Neill, J. A.; Simpson, T. J.; Willis, C. L. J. Chem. Soc.,Chem. Commun. 1993, 738. (b) Keck, G. 
E.; Boden, E. P.; Wiley: M. R. J. Org. Chem. 1989, 54, 896. 
83 MacMillan, J.; Simpson, T. J. J. Chem. Soc., Perkin Trans. 1 1973, 1487. 
84 Kobayashi, Y.; Matsuumi, M. J. Org. Chem. 2000, 65, 7221. 
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alcohol. In his strategy, homoallylic alcohol 45k was synthesized via a synthetic route 


















Scheme 50. Retrosynthesis of grahamimycin A by Kobayashi. 
 
 Based on our methodology, alcohol 45k was obtained with moderate yield of 62% 
and excellent enantioselectivity of 92% ee (Scheme 51). Overall, the protocol 
successfully combined the required 3 sequential steps employed previously. In this case, 
(−)-camphor-derived homoallylic alcohol was employed in order to obtain the desired 





1) CSA, 25 oC, CH2Cl2














 In conclusion, the tandem allyl-transfer/ring-closing metathesis and tandem allyl-
transfer/cross metathesis reactions lead to unique approaches to the synthesis of highly 
enantioselective cyclic and linear homoallylic alcohols respectively. Some distinctive 
features of this one-pot reaction are: (i) no protecting group is required; (ii) olefin 
metathesis is achieved in the presence of an acid, CSA; (iii) selective cross-coupling 
metathesis is achieved as demonstrated in the previous section.  
 
 Furthermore, resolution of diastereomers was achieved during the one-pot tandem 
reaction, affording the single isomer with high de of 96%. More investigation will be 
focused on the mechanistic pathway of this resolution. 
 
 In all cases, the reactions are controlled by the subsequent additions of reagents and 
catalysts for further transformation, which makes it a versatile approach towards many 
synthetic reactions. As noted in the previous section, the synthetic value of this protocol 
was demonstrated in the preparation of the precursor for natural product, grahamimycin 
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 Tetrahydropyrans (THP) are the backbones of many carbohydrates, as well as their 
oligomers and polymers. These materials are the most abundant biological molecules on 
earth and play several fundamental roles in living organisms. They are found in cell walls 
and the protective coatings of many organisms and also stimulate various metabolic 
processes. In addition to being the structural foundation of carbohydrates, this class of 
compounds is a widespread structural feature in numerous biologically significant natural 
products and potential pharmaceutical agents. Prominent examples of considerable 
interest would include ratjadone,85 phorboxazoles,86 bryostatin87 and zampanolide88 
(Figure 10).   
 
                                                 
85 (a) Bhatt, U.; Christmann, M.; Quitschalle, M.; Claus, E.; Kalesse, M. J. Org. Chem. 2001, 66, 1885. (b) 
Williams, D. R.; Ihle, D. C.; Plummer, S. V. Org. Lett. 2001, 3, 1383.  
86 Evans, D. A.; Fitch, D. M.; Smith, T. E. Cee, V. J. J. Am. Chem. Soc. 2000, 122, 10033. 
87 Evans, D. A.; Carter, P. H.; Carreira E. M.; Charette, A. B.; Prunet, J. A.; Lautens, M. J. Am. Chem. Soc. 
1999, 121, 7540. 
88 (a) Hoye, T. R.; Hu, M. J. Am. Chem. Soc. 2003, 125, 9576. (b) Smith III, A. B.; Safonov, I. G.; Corbett, 
R. M. J. Am. Chem. Soc. 2002, 124, 11102. 


















Phorboxazole A: R1=H, R2=OH


































Figure 10. Examples of biologically significant natural products with THPs 
 
 With the ever-increasing number of biologically active pharmaceuticals, the need for 
appropriately functionalized synthetic building blocks has motivated the development of 
many different synthetic approaches. Examples are via hetero-Diels-Alder reactions,89 
oxiranyl anions,90 Claisen rearrangements,91 ring opening of epoxides,92 olefin 
metathesis,93 and others.94 All these examples will be illustrated as follows. 
 
 
                                                 
89 Schmidt, R. R. Acc. Chem.Res. 1986, 19, 250. 
90 Mori, Y. Chem. Eur. J. 1997, 3, 849. 
91 Ziegler, F. E. Acc. Chem. Res. 1977, 10, 227. 
92 Nicolaou, K. C.; Prasad, C. V. C.; Somers, C. K. J. Am. Chem. Soc. 1989, 111, 5330. 
93 Grubbs, R. H.; Chang, S. Tetrahedron 1998, 54, 4413. 
94 Keck, G. E.; Covel, J. A.; Schiff, T.; Yu, T. Org. Lett. 2002, 4, 1189. 
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 Schmidt et al. have developed a hetero-Diels-Alder reaction, affording highly 
diastereoselective 2,5,6-trisubstituted THPs (Scheme 52). Cycloaddition with electron-
rich dienophiles and functionalization of the dihydro-pyran double bond are highly 
diastereoselective, giving convenient entries to 2-deoxy, 2,4- and 2,6-dideoxy, and 2,4,6-












Scheme 52. Hetero-Diels-Alder reaction. 
 
 The oxiranyl anion is a very unstable nucleophilic epoxide. However, through 
alkylation with a triflate derived from tetrahydrofuran-methanol followed by acid-
catalyzed 6-endo cyclization, trans-fused bicyclic THP 46 can be afforded in reasonable 




























Scheme 53. Formation of poly-THPs using oxiranyl anion. 
 
 Another well-defined and predictable route to THP is the acid-catalyzed stereo- and 
regio-selective opening of hydroxyl epoxides. The placement of an electron-rich double 
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bond at the remote (from the hydroxyl group) secondary epoxide position leads to the 









Scheme 54. Ring opening of epoxides. 
 
 With the advent of efficient catalysts, olefin metathesis has emerged as a powerful 
tool for the formation of C – C bonds in chemistry. In a recent paper, Hoveyda et al. has 
demonstrated a highly enantioselective Ru-catalyzed asymmetric ring-opening metathesis 
AROM/CM reactions, allowing access to functionalized THPs95 (Scheme 55). Further 
transformation of the pyrans such as conversion to diols, which are important synthons 













Scheme 55. Ru-catalyzed ROM/CM.  
 
 Another approach to synthesize THP derivatives is reported by Rein97 based on the 
sequential use of an asymmetric Horner-Wadsworth-Emmons (HWE) desymmetrization 
                                                 
95 Gillingham, D. G.; Kataoka, O.; Garber, S. B.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 12288. 
96 (a) Danishefsky, S. J.; Selnick, H. G.; Zelle, R. E.; DeNinno, M. P. J. Am. Chem. Soc. 1988, 110, 4368. 
(b) Ziegler, F. E.; Becker, M. R. J. Org. Chem. 1990, 55, 2800. 
97 Vares, L.; Rein, T. Org. Lett. 2000, 2, 2611. 
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of a meso-aldehyde and a palladium-catalyzed allylic substitution. The strategy is 
versatile such that either a cis- or a trans-relation between the stereocenters adjacent to 





























Reaction conditions: (a) imidazole, EtOH, 75 oC. (b) Pd2(dba)3.CHCl3, 
neocuproine, THF, 25 oC. (c) DMAP, EtOH, 75 oC. (d) Pd2(dba)3.CHCl3,
neocuproine, THF, 50 oC  
Scheme 56. Sequential asymmetric HWE and Pd-catalzyed ring-closure. 
 
 Of the many methods that are employed for synthesizing THPs, Prins cyclization 
emerges to be one of the most powerful and efficient reactions. Classically, it was carried 
out via an acid-catalyzed olefin-aldehyde condensation, which involves strong acids (eg. 
sulfuric acid) and high reaction temperatures. Discovered in 1899, this traditional 
Enantioselective Prins Cyclization 
78 
reaction often generates a range of products,98 making it an under-explored field of 
research. Major products include 1,3-dioxanes, 1,3-glycols, unsaturated alcohols and 
alcohols derived from hydration of olefins, as well as products obtained from acid-






















Scheme 57. Major products from classical Prins reactions. 
 
 In the late 1960s, Stapp briefly examined the direct synthesis of THP derivatives via 
the Prins reaction.99 Since then, there has been increasing interest in using Prins 
cyclization to generate THP derivatives in a stereocontrolled manner. A large number of 
papers have been published on this type of reaction during the past decade, ranging from 
optimizing the conditions of Prins cyclization, syntheses of various substituted THPs to 
regio- and stereo-manipulation of the Prins products. All examples will be described as 
follow. 
 
                                                 
98 Arundale, E.; Mikesaka, L. A. Chem. Rev. 1952, 51, 505. 
99 Strapp, P. R. J. Org. Chem. 1969, 34, 479. 
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A variety of Lewis acids have been used to mediate such cyclization. One of the 
earlier examples was done by Taddei et al.100 The reaction resulted an unexpected 
behavior of allylsilanes and aldehydes, giving rise to a range of meso-2,6-disubtituted 4-
chlorotetrahydropyrans 47 (Scheme 58). When propargylsilanes were used, dihydropyran 
















Scheme 58. TiCl4-catalyzed Prins cyclization. 
 
 With the successful establishment of Lewis acid-catalyzed Prins cyclization using 
TiCl4, Taddei et al. reported another stereoselective synthesis of 2,6-disubtituted 4-
halotetrahydropyrans from aldehydes and unsaturated alcohols in the presence of AlCl3 




                                                 
100 Coppi, L.; Ricci, A.; Taddei, M. Tetrahedron Lett. 1987, 28, 973. 
101 Coppi, L.; Ricci, A.; Taddei, M. J. Org. Chem. 1988, 53, 911. 










Scheme 59. Lewis acid mediated condensation of alkenol and aldehydes. 
 
 In some cases, simple or mixed acetals are used in the place of aldehydes,102 and the 
use of allylsilane analogs of the homoallylic alcohols facilitates the segment coupling 
Prins cyclization. Overman et al. had successfully utilized this strategy in the convergent 
syntheses of natural products.103 In addition, Rychnovsky overcome the limitations of this 
segment-coupling strategy through efficient methods of preparing complex mixed acetal 























Scheme 60. Segment-coupling Prins cyclization. 
 
 Li et al. concurrently developed three types of highly diastereoselective Prins 
cyclization mediated by either InCl3105 or Sc(OTf)3106, which in turn opens up a library of 
substituted THPs (Scheme 61). Unlike most strong Lewis acid catalysts (such as TiCl4, 
SnCl4) developed for Prins cyclization, milder acids like InCl3 were envisioned to be 
                                                 
102 Winstead. R. C.; Simpsons, T. H.; Lock, G. A.; Schiavelli, M. D.; Thompson, D. W. J. Org. Chem. 
1986, 51, 275. 
103 (a) Overman, L. E.; Thompson, A. S. J. Am. Chem. Soc. 1988, 110, 2248. (b) Berger, D.; Overman, L. 
E.; Renhowe, P. A. J. Am. Chem. Soc. 1993, 115, 9305. 
104 Rychnovsky, S. D.; Hu, Y,; Ellsworth, B. Tetrahedron Lett. 1998, 39, 7271. 
105 (a) Yang, J.; Viswanathan, G. S.; Li, C. J. Tetrahedron Lett. 1999, 40, 1627. (b)  Viswanathan, G. S.; 
Yang, G.; Li, C. J. Org. Lett. 1999, 1,993.  
106 Zhang, W.-C.; Viswanathan, G. S.; Li, C. J. Chem. Commun. 1999, 291. 
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InCl3, CH2Cl2 OR R
1 or 2 equiv
(RCHO = aplihatic aldehydes)
(RCHO = aromatic aldehydes)
 
Scheme 61. Li’s Prins cyclization mediated by InCl3 or Sc(OTf)3. 
 
 During the synthesis of 2,4,6-trisubstituted THPs as illustrated above, it has been 
suggested that the oxycarbenium ion (generated in situ either from reaction of a 
homoallylic alcohol with an aldehyde or from a homoallylic acetal) undergoes an 
intramolecular cyclization, giving the THP with three substituents located in an equatorial 
position.107 It has been suggested that cationic oxonia-Cope rearrangements may 
participate in Prins cyclization and related reactions as illustrated in Scheme 62. As a 
result, this would lead to racemization of the starting material or an oxonia-Cope 
rearrangement with the excess aldehyde (R’CHO) affording the undesired meso-THP as 
the major products.  
 
                                                 
107 Crosby, S. R.; Harding, J. R.; King, C. D.; Parker, G. D.; Willis, C. L. Org. Lett. 2002, 4, 577. 



















Scheme 62. Oxonia-Cope rearrangement. 
 
   Concurrently, Rychnovsky investigated the above Cope rearrangement, and revealed 
that this rearrangement is faster than Prins cyclization in simple substrates, leading to 
unexpected epimerization.108 However, through competitive reduction of the intermediate 
oxycarbenium ions 50 as well as optimization of reaction conditions, the Prins cyclization 





















Scheme 63. Enantioselective Prins cyclization using competitive reduction. 
  
   
                                                 
108 Rychnosky, S. D.; Marumoto, S.; Jaber, J. J. Org. Lett. 2001, 3, 3815. 
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 Based on our recent successful development of a highly enantioselective allyl-transfer 
methodology, we decided to explore into this field of research. In the next section, we 
will discuss on our recent development on the enantioselective synthesis of 2,6-
disubstituted-4-chloro-THP through suppression of epimerization in Prins cyclization 
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3.2 ENANTIOSELECTIVE SYNTHESIS OF SYN-2,6-DISUBSTITUTED-4-HALO 
TETRAHYDROPYRANS VIA PRINS CYCLIZATION109 
 
 A strategy that is gaining importance for the stereoselective synthesis of THPs is the 
acid-promoted Prins-type reaction involving intramolecular cyclization of an 
oxycarbenium ions generated in situ from reaction of the parent homoallylic alcohol with 
aldehyde. A milder acid, for instance InCl3, is an ideal Lewis acid for the cyclization. 
This strategy using InCl3 was previously demonstrated by Li et al., affording meso-Prins 
products in good yields and diastereoselectivities.106  
 
 Our initial investigations were focused on the synthesis of Prins products using Li’s 
employed reaction conditions. Homoallylic alcohol of cyclohexanecarboxaldehyde was 
chosen due to its cyclic ring factor. According to Li’s methods, a stoichiometric amount 
of InCl3 was added, which provides the halide source for the corresponding THPs. Our 
initial investigation entailed stirring a solution of 2-methylbenzaldehyde (1.0 equiv) and 
InCl3 (1.2 equiv) in dichloromethane at room temperature, whereby rac-1-cyclohexylbut-
3-en-1-ol 51a110 (1.1 equiv) was added dropwise. The reaction mixture was allowed to 
stir for 4 h. TLC analysis indicated the presence of three new spots. Upon purification of 
the crude reaction mixture, three Prins products were isolated, two of which are meso-
Prins products and the third product being the desired one (Scheme 64). The formation of 
the meso-products presents the evidence for the mechanistic studies suggested by 
                                                 
109 Cheng-Hsia Angeline Lee, Teck-Peng Loh. Tetrahedron Letters. 2006, 47, 1641. 
110 Racemate 54a was synthesized by typical Zn allylation in THF/NH4Cl. An isolated yield of 85% was 
obtained. 
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Crosby112 and Rychnovsky113 in the earlier section. Notably, both meso-Prins products 
were isolated in less than 8% yield, and the desired product was isolated in an 
encouraging yield of 78%, with syn-configuration exclusively, as determined by 1H and 



















Scheme 64. Prins cyclization using InCl3. 
 
 Next, we investigated further on various aldehydes as illustrated in Table 13. Notably, 
moderate to good yields were obtained for all the substituted aromatic aldehydes, ranging 
from 48% to 78% yields (Table 13, entries 1 to 9). The aliphatic oxygenated aldehydes 
gave rise to reasonable yields of 53% to 67% (Table 13, entries 11, 12 and 13). In 
addition, the Prins reaction with steroidal aldehyde afforded a good yield of 62 % (Table 
13, entry 15). This can be used as a protocol for derivatizing steroidal compounds, 
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  With our successful establishment of highly enantioselective synthesis of terminal 
homoallylic alcohols as mentioned in chapter 1.2, we switched our focus to carry out the 
Prins cyclization using optically active alcohols. Homoallylic alcohol 51b was 
synthesized with a high enantioselectivity of 90% ee, and was used for the Prins 
cyclization with various aldehydes (Table 14). 
 






















































53f 69 82 
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Generally, the Prins products were obtained with good yields, and in most cases, the 
optical purity was retained except for entries 5 and 6. These results are consistent with the 
studies by Crosby108 and Ryhnovsky109 which suggested that the racemization of THPs 
arises due to the competing 2-oxonia Cope rearrangement. In one of our recent papers as 
mentioned earlier,35 we have demonstrated that epimerization can be suppressed by 
carrying out the reaction at lower temperatures. We envisaged that if the rearrangement 
can be prevented or over-ridden by Prins cyclization, the corresponding THP could be 
afforded without any loss in enantioselectivity. Keeping the reaction temperature at 0 oC, 
the Prins cyclization of 51b with 1-naphthaldehyde was carried out, and allowed to stir 
overnight. The desired product 53e was afforded at 55% yield without any leakage of ee. 
The same was observed for benzaldehyde, whereby the Prins product 53f was obtained in 
good yield of 56% with preservation of enantioselectivity. Expectedly, all the Prins 
products are of exclusively syn-configuration. 
 
Next, we went on to widen the scope of this methodology by employing cyclic 
alcohol 51a, as the presence of a sterically bulky group is expected to be more susceptible 
to epimerization. It was observed that there is a leakage in ee, and the Prins product 52a 
was afforded at 80% ee. Firstly, the optically active alcohol 51a was synthesized via our 
allyl transfer protocol developed in chapter 1.2. Optically active 51a (88% ee) was added 
to a stirring solution of 2-methylbenzaldehyde and InCl3 in dichloromethane under 
ambient condition and the reaction was allowed to stir for 4 h. The desired product was 
obtained with a leakage in enantioselectivity (80% ee).  This outcome matches with the 
selectivity leakage arise from 2-oxonia Cope rearrangement and side-chain exchange, 
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resulting in epimerization of the parent alcohol, as illustrated in Scheme 65. In addition, 
our previous study regarding screening of acids (Chapter 1.2, Table 1) revealed that InCl3 
mediates epimerization of the alcohol in the presence of its parent aldehyde (Table 1, 
entry 2). Interestingly, the corresponding homoallylic alcohol (of 2-methylbenzaldehyde) 
resulted from the unwanted allyl transfer side reaction was also isolated in 12% yield, 



























(Enantiomer of 51a)  
Scheme 65. 2-Oxonia Cope rearrangement and Prins cyclization. 
 
  A similar reaction was carried out at 0 oC between 51a and 2-methylbenzaldehyde. 
From the HPLC analysis, the stereochemical fidelity was retained with an isolated yield 
of 59%. These preliminary findings were encouraging and drove us further to investigate 
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Table 15.  Prins cyclization of 51a with various aldehydes. 











































































































Interestingly, aldehydes with electron-withdrawing groups such as nitro group 
experienced negligible epimerization even under room temperature conditions (Table 15, 
entries 2 and 3). The Prins products arising from naphthaldehydes require a lower 
temperature of − 10 oC for complete suppression of epimerization (Table 15, entries 5 
and 6). Nevertheless, epimerization could not be suppressed for the reactions that 
Enantioselective Prins Cyclization 
91 
involved the linear oxygenated aldehydes even if the reactions were carried out at − 78 oC 
(Table 15, entries 7 and 8). In all cases, the products are found to be of syn-configuration 
exclusively. 
 
We believe that 2-oxonia Cope rearrangement is less favorable for aliphatic 
homoallylic alcohol 51b than in the case for 51a. In another words, the outcome of the 
reaction is dependent upon the substituents on the parent alcohol and aldehydes, as these 
substituents govern the likelihood of epimerization. All in all, reaction temperature plays 
an important role to achieve retention of enantioselectivity.   
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3.3  ENANTIOSELECTIVE TOTAL SYNTHESIS OF (−)-CENTROLOBINE – 
APPLICATION OF ALLYL-TRANSFER AND PRINS CYCLIZATION 
STRATEGIES 
 
 (−)-Centrolobine 54, 6[γ-(p-hydroxyphenyl)ethyl]-2-(p-methoxyphenyl) 
tetrahydropyran, is a crystalline substance isolated from the heartwood of Centrolobium 
robustum and the stem of Brosinium potabile in the Amazon forest.111 The structure of 
this 2,6-disubstituted tetrahydropyran was known through the work of Marini-Bettòlo and 
associates, who synthesized the racemates of O-methylcentrolobine and of 
centrolobine.113a,112 However, the absolute configuration of (−)-centrolobine has not been 
unequivocally established. It was not until 2000 that Solladie and his co-workers reported 
the first enantioselective total synthesis of (−)-centrolobine, as well as their proposition of 












Figure 11. Structure of (−)-centrolobine. 
 
                                                 
111 (a) De Albuquerque, I. L.; Galeffi, C.; Casinovi, C. B.; Marini-Bettòlo, G. B. Gazz. Chim. Ital. 1964, 
287. (b) Alcantara, A. F.; de, C.; Souza, M. R.; Pilo-Weloso, D. Fitoterapia 2000, 71, 613. 
112 Galeffi, C.; Casinovi, C. G.; Martini-Bettòto, G. B. Gazz. Chim. Ital. 1965, 95, 95. 
113 Colobert, F.; Des Mazery, R.; Solladie, G.; Carreno, M. C. Org. Lett. 2000, 4, 1723. 
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 Early pharmacological studies revealed that this class of natural product is very 
effective against Trypanosoma cruzi epimastigotes, a protozoan parasite. The parasite 
affects 15-20 million people, causing Chagas’s disease. In addition, it is known to infect a 
great variety of domestic and wild animals in tropical, subtropical and rural areas in the 
Central and South America.  
 
 This interesting antibiotic was first synthesized by Solladie et al. in 2000, whereby 
the absolute configuration was elucidated too. As shown in Scheme 66, his approach was 
based on an intramolecular cyclization of the hydroxyketone 55 to give the desired 
aldehyde. This hydroxyketone is readily available by stereoselective reduction of enantio-
pure β-keto sulfoxide, which serves as the source of chirality. Notably, (−)-centrolobine 
was synthesized with 26% overall yield from glutaric anhydride.  
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Scheme 66. Solladie’s total synthesis of (−)-centrolobine. 
 
 On the other hand, Rychnovsky disclosed an elegant approach to the total synthesis of 
(−)-centrolobine involving Prins cyclization of α-acetoxyl ethers.114 In his 
communication, the utility of both alcohol-aldehyde and segment-coupling Prins 
reactions were demonstrated in the natural product syntheses. Notably, the all-equatorial 
2,4,6-trisubstituted THP was generated in 84% yield without any side chain exchange. 
The synthetic pathway will be elaborated further in the latter part of this chapter. 
                                                 
114 Marumoto, S.; Jaber, J. J.; Vitale, J. P.; Rychnovsky, S. D. Org. Lett. 2002, 4, 3919. 
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 Recently, Evans et al. successfully demonstrated a stereoselective intramolecular 
reductive etherification of δ-trialkylsilyloxy substituted ketones with catalytic BiBr3 and 
triethylsilane for the construction of syn-2,6-disubstituted tetrahydropyrans.115 This 
methods is applied to the key step in the stereoselective synthesis of (−)-centrolobine, as 
illustrated in Scheme 67. Overall, the total synthesis was accomplished in five steps from 
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Scheme 67. Evans’s total synthesis of (−)-centrolobine. 
 
 Almost half a century had passed since the first isolation of centrolobine, and its 
intriguing syn-2,6-disubstituted tetrahydropyran ring has stimulated the creative impulses 
of synthetic chemists. As mentioned earlier, I would like to highlight the synthetic route 
attempted by Rychnovsky regarding the total synthesis of (−)-centrolobine. Based on his 
approach, the catalytic asymmetric allylation and stereoselective Prins-type cyclization 
                                                 
115 Evans, P. A.; Cui, J.; Gharpure, S. J. Org. Lett. 2003, 5, 3883. 
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are the crucial steps in order to achieve high optical purity (Scheme 68).  The synthesis of 


















    PhMe, reflex, 86%
2) Pd2(dba)3, NaOt-Bu





    acetone
3) H2, 10% Pd/C
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(-)-Centrolobine
 
Scheme 68. Rychnovsky’s total synthesis of (−)-centrolobine. 
 
 Based on our successful establishment of the construction of highly enantioselective 
terminal homoallylic alcohols and Prins THPs, synthesis of optically pure (−)-
centrolobine highlights the utilities of these two methodologies. The synthesis 
commences from commercially available 4-(3-hydroxypropyl)phenol  56, by typical 
protection of the phenolic group using benzyl bromide, producing alcohol 57 in 80% 
yield. Subsequent oxidation using Dess-Martin 
Periodinane (DMP) affords aldehyde 58. Allyl-transfer using camphor-derived branched 
homoallylic alcohol 24a to the aldehyde gives the corresponding homoallylic alcohol 59 
in 68% yield, 90% ee (Scheme 69). 
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Scheme 69. Synthetic pathway for (−)-Centrolobine. 
 
Following that, we carried out Prins cyclization of alcohol 59 with p-anisaldehyde, 
and the exclusively syn-2,6-disubstituted tetrahydropyran 60 was furnished without any 
loss of enantioselectivity. This suppression of epimerization has been demonstrated in the 
earlier section. Next, the chloride of the Prins product 60 was removed by radical 
reduction using 1,1’-azobis(cyclohexane-carbonitrile) (ABCCN). The synthesis was 
completed by removal of the protecting group via Pd-catalyzed hydrogenation, producing 
the synthetic antibiotics.  
 
 Synthetic (−)-centrolobine was identical to the natural product by 1H NMR, 13C NMR 
and IR analysis. The optical rotation of the synthesized product is ([α]D − 86.1 (0.03, 
CH2Cl2). Notably, the enantioselectivity of homoallylic alcohol 59 was retained after 
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undergoing several subsequent transformations. The synthesis proceeded in six steps 
from alcohol 56 with an overall yield of 23.5%.  
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3.4 CONCLUSION AND FUTURE WORK 
  
 In conclusion, a range of exclusively syn-2,6-disubstituted-4-chloro tetrahydropyrans 
were effectively synthesized in our group. By lowering the reaction temperature, 
epimerization is suppressed, giving rise to preservation of high enantioselectivities. From 
our investigation, it can be further emphasized that the competition between 2-oxonia 
Cope rearrangement and Prins cyclization are substrate-dependent. We have successfully 
developed the first example of InCl3-mediated Prins-type reaction with the preservation 
of enantioselectivities.  
 
 Also, we have successfully demonstrated the total synthesis of (−)-centrolobine via 
the utility of the allyl-transfer and prins cyclization methodologies. This antibiotics was 
isolated in 23.5% overall yield and 90% ee. Application of this method for the synthesis 
of natural products is in progress. 
 
 Although many of these methods are capable of achieving useful level of 
diastereoselectivities for the synthesis of syn-2,6-disubstituted pyrans, there are few 
reported methods concerning the synthesis of the complementary anti-2,6-disubstituted 
isomers.116  Our future work will involve the development of methodology to provide 
ready access to enantiomerically enriched syn- and anti-2,6-disubstituted pyrans.  
                                                 
116 (a) Bruke, S. D.; Ng, R. A.; Morrison, J. A. Alberti, M. J. J. Org. Chem. 1998, 63, 3160. (b) Cloninger, 
M. J.; Overman, L. E. J. Am. Chem. Soc. 1999, 121, 1092. (c) Viswanathan, G. S.; Yang, J.; Li, C. J. Org. 
Lett. 1999, 1, 993. (d) Rychnovsky, S. D.; Hu, Y.; Ellsworth, B. Tetrahedron Lett. 1998, 39, 7271. (e) 
Coppi, L.; Ricci, A.; Taddei, M. J. Org. Chem. 1988, 53, 911. (f) Wei, Z. Y.; Wang, D.; Li, J. S.; Chan, T. 











Indium Triflate-mediated Oxidation 




For several decades, the application of group 13 elements and their derivatives in 
organic chemistry has very much been dominated by the extensive exploration of the first 
two members, boron and aluminum. In comparison, the synthetic value of indium has 
remained by far obscure amidst the vast arsenals at the disposal of contemporary organic 
synthesis, until very recently. 
 
In the late 1980s, Araki et al. systematically studied the use of indium and indium (I) 
iodide for mediating Barbier-Grignard type reactions in anhydrous solvents.117 A few 
years later, Li and Chan reported their first example of indium-mediated allylation in 










Scheme 70. Indium-mediated allylation. 
 
Since then, the unique reactivity of indium has been increasingly recognized, namely, 
tolerance to air and water, low heterophilicity and hence high tolerance towards oxygen- 
and nitrogen-containing functionalities, and excellent chemoselectivity associated with 
                                                 
117 (a) Araki, S.; Ito, H.; Butsugan, Y. J. Org. Chem. 1988, 53, 1831. (b) Araki, S.; Ito, H.; Katsumura, N.; 
Butsugan, Y. J. Organomet. Chem. 1989, 369, 291. 
118 (a) Li, C. J.; Chan, T. H. Tetrahedron Lett. 1991, 32, 7017. (b) Wang, R. B.; Lim, B. K.; Sim, K. Y.; 
Loh, T. P. Tetrahedron: Asymmetry 1995, 6, 1825. (c) Paquette, L. A.; Mittzel, T. M. Tetrahedron Lett. 
1995, 36, 6863. (d) Kim, E.; Gordon, D. M.; Schmid, W.; Whitesides, G. M. J. Org. Chem. 1993, 58, 5500. 
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the low nucleophilicity of organoindium reagents. Therefore, organic chemistry has 
witnessed the increased use of indium and its complexes. 
 
Along with the rapid growth of indium metal chemistry, various indium (III) 
complexes have also emerged as useful reagents for carbon – carbon bond formation 
reactions and important synthetic transformations. In accordance to the recent surge in 
metal triflates, indium triflate has emerged as a promising catalyst, particularly in our 
group,119 in the past few years.  
 
One of our research accomplishments includes a novel indium triflate-catalyzed (3,5) 
oxonium-ene type cyclization, which furnished various multi-substituted tetrahydrofurans 
and tetrahydropyrans (Scheme 71). 120 Reaction temperature plays an important role in 

















In(OTf)3, CH2Cl2, 40 oC
2
3
up to 95% yield
2,3-trans:cis up to 99:1
up to 97% yield
 
Scheme 71. Oxonium-ene type cyclization. 
 
                                                 
119 (a) Loh, T. P. in Science of Synthesis; Yamamoto, H, Ed; Georg Thieme Verlag Stuttgart: New York, 
2004; 413. (b) Loh, T. P; Chua, G. L. in Advances in Organic Synthesis Online, Vol. 1 Activation of 
Reactions by Lewis acid derived from Ga, In, Sb and Bi. Atta-ur-Rahman (Ed) 2005, In press. 
120 Loh, T. P.; Hu, Q. Y.; Tan, K. T.; Cheng, H. S. Org. Lett, 2001, 3, 2669.  
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Another useful catalytic example displayed by indium triflate was the tandem 2-
oxonia [3,3]-sigmatropic rearrangement/cyclization sequence, a selective formation of 
tetrahydrofurans 62 or 63 in a stereospecific fashion (Scheme 72). 121 This method opens 
up a new avenue for the stereospecific synthesis of cyclic ethers, for instance 
shidasterone, an ecdysteroid which is of synthetic interest due to its anti-tumor activity in 






















Scheme 72. Tandem sequence formation of cyclic ethers. 
 
As mentioned in Chapter 1, our group has been very interested in the synthesis of 
linear homoallylic alcohols. One of our previously reported developments included the 
first indium triflate-catalyzed conversion of kinetically formed homoallylic alcohols 64 
into the thermodynamically preferred regio-isomer 65123 (Scheme 73). This method can 
be utilized for the construction of steroidal side chains with anti-Cram stereoselectivity. 
                                                 
121 Loh, T. P.; Hu, Q. Y.; Ma, L. T. J. Am. Chem. Soc. 2001, 123, 2450. 
122 (a) Roussel, P. G.; Turner, N. J.; Dinan, L. N. J. Chem. Soc., Chem. Commun. 1995, 933. (b) Roussel, P. 
G.; Sik, V.; Turner, N. J.; Dinan, L. N. J. Am. Chem. Soc. Perkin Trans. 1 1997, 2237. (c) Baltayev, U. A.; 
Galiautdinov, I. V.; Odinokov, V. N. Mendeleev Commun. 1999, 122. 
123 Loh, T. P.; Tan, K. T.; Hu, Q. Y. Angew. Chem. Int. Ed. 2001, 40, 2921. 










up to 81% yield










Scheme 73. γ to α conversion using indium triflate. 
 
With the encouraging results, our group investigated further along this line of 
research and successfully developed a novel indium triflate-catalyzed allyl transfer 













Scheme 74. Highly enantio- and regio-selective allyl-transfer  
 
With our successful establishment on γ- to α-adduct allyl transfer reactions, we went 
on to investigate further and reported our subsequent findings on the α- to α-adduct allyl 
transfer.125 In this reaction, the whole rearrangement is thermodynamically favored and 
                                                 
124 Loh, T. P.; Hu, Q. Y.; Chok, Y. K.; Tan, K. T. Tetrahedron Lett. 2001, 42, 9277. 
125 Loh, T. P.; Lee, C. L. K.; Tan, K. T. Org. Lett. 2002, 4, 2985. 
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steric effect is the driving force (Scheme 75). In addition, stereochemistry and olefinic 











>97% ee  
Scheme 75. α to α allyl transfer. 
 
Another important example catalyzed by indium triflate is the highly enantioselective 
and regioselective prenylation of aldehydes, as illustrated in Scheme 76. 126 In cases 
involving aromatic aldehydes, racemization can be overcome by carrying out the reaction 
in hexane instead of dichloromethane. During our diastereoselectivity study, we found 
that the stereochemistry of the product was solely dependent on the stereochemistry of 









up to 95% yield
up to 98% ee  
Scheme 76. Enantio- and regio-selective prenyl transfer. 
  
Recently, we have developed a highly efficient indium triflate-catalyzed chemical 
kinetic resolution of bishomoallylic alcohols, as illustrated in Scheme 77. 127 Consistent 
                                                 
126 Cheng, H. S.; Loh, T. P. J. Am. Chem. Soc. 2003, 125, 4990 
127 Chen, S. L.; Hu, Q. Y.; Loh, T. P. Org. Lett. 2004, 6, 3365. 
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and high ee of up to >99% was obtained. This protocol was successfully demonstrated on 













up to 99% ee
racemate
R
*Sulcatol: R = Me
 
Scheme 77. Chemical kinetic resolution of bishomoallylic alcohols. 
 
Following our successful development of allyl and crotyl transfer reactions, our group 
has reported a highly efficient propargylic transfer based on an unusual oxonium-Claisen 
rearrangement of 2-trialkylsilyl allenic alcohols 66 with aldehydes (Scheme 78). 128 The 
significance of this method comes from its ability to produce homopropargylic alcohol as 










up to 89% yield
up to 97% ee
66
92% ee  
Scheme 78. Enantioselective propargylic transfer. 
 
                                                 
128 Lee, K. C.; Lin, M. J.; Loh, T. P. Chem. Commun. 2004, 2456. 
129 (a) Lin, M. J.; Loh, T. P. J. Am. Chem. Soc. 2003, 125, 13042. (b) Loh, T. P.; Lin, M. J.; Tan, K. L. 
Tetrahedron Lett. 2003, 44, 507. (c) Daniels, R. G.; Paquette, L. A. Tetrahedron Lett. 1981, 22, 1579. 
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Recently, our group has reported the development of a chiral indium (III)-PYBOX 
complex prepared from indium triflate and chiral PYBOX. This chiral complex was 
generated in situ which subsequently catalyzes enantioselective allylation of aldehydes, 
furnishing the corresponding homoallylic alcohols in good yields and high 
enantioselectivities (Scheme 79). 130 In this paper, different chiral ligands were screened, 
and tetraphenyl-subtituted (S)-i-PrPYBOX 72 gave the best results (Figure 12). Thus, this 
ligand is employed for allylation of various aldehydes, furnishing a variety of 
































































Figure 12. Various chiral ligands. 
                                                 
130 Lu, J.; Ji, S. J.; Teo, Y. C.; Loh, T. P. Org. Lett. 2005, 7, 159. 
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It is evident from the literature that indium triflate is a unique Lewis acid and has 
received considerable attention in recent years as a catalyst. Besides our group, many 
research groups have found its wide applications in organic synthesis. Some examples 
include hetero Diels-Alder reactions, (4 + 2)-cycloaddition of chromone Schiff’s bases, 
C-arylation of aziridines, pyranylation and depyranylation, asymmetric synthesis of β-
lactams, coupling reaction between alkynes and aldehydes, O–H insertion reaction of α-
diazo ketones and microwave-assisted Friedal-Crafts acylation.  
 
The emergence of indium (III) halide complexes as efficient Lewis acid catalysts in 
Mukaiyama aldol reactions, Friedal-Crafts acylation reactions and Diels-Alder 
cycloadditions has been well-documented over the past decade.131 High activity of 
indium triflate as a catalyst for pericyclic reactions was observed in the hetero Diels-
Alder reactions demonstrated by Frost et al. (Scheme 80). 132 In this paper, a three-
components coupling reaction of aldehyde, amine and diene was successfully executed, 














Scheme 80. Three-component coupling involving hetero Diels-Alder reaction. 
                                                 
131 (a) Loh, T. P.; Xu, K. C.; Sook-Chiang Ho, D.; Sim, H. K. Synlett, 1998, 369. (b) Loh, T. P.; Pei, J.; 
Cao, G. Q., J. Chem. Soc. Chem. Commun., 1996, 1819. (c) Loh, T. P.; Pei, J.; Lin, M. J. Chem. Soc. Chem. 
Commun., 1996, 2315. (d) Li, X. R.; Loh, T. P. Tetrahedron: Asymmetry, 1996, 7, 1535. (e) Loh, T. P.; Li, 
X. R. J. Chem. Soc. Chem. Commun., 1996, 1929. 
132 Ali, T.; Chauhan, K. K.; Frost, C. G. Tetrahedron Lett. 1999, 40, 5621. 
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With the successful demonstration of the catalytic property of indium triflate, the first 
example of indium and scandium triflate-catalzyed (4 + 2)-cycloaddition of chromone 
Schiff’s bases with 3,4-dihydro-2H-pyran was reported (Scheme 81). 133 These endo-
cycloadducts are able to act as Michael acceptors or heterodynes that can undergo various 













up to 75% yield  
Scheme 81: (4 + 2)-cycloaddition of chromone Schiff’s bases. 
 
Aziridines are versatile building blocks for the synthesis of many nitrogen-containing 
biologically interesting compounds.134 In the presence of a catalytic amount of indium 
triflate at ambient temperature, aziridines reacted smoothly with arenes to afford the 
corresponding β-aryl amine derivatives in excellent yields with high regioselectivity 










73                     74
Up to 100: 1 73:74  
Scheme 82. C-Aryltaion of arizidines. 
                                                 
133 Gadhwal, S.; Sandhu, J. S. J. Chem. Soc., Perkin Trans. 1 2000, 2827. 
134 (a) Tanner, D. Angew. Chem., Int. Ed. Engl. 1994, 33, 599; (b) Mc Coull, W.; Davis, F. A. Synthesis 
2000, 1347. 
135 Yadav, J. S.; Subba Reddy, B. V.; Srinivasa, R.; Veerendhar, G.; Nagaiah, K. Tetrahedron Lett. 2001, 
42, 8067. 
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Besides C-arylation of aziridines, Yadav et al. also demonstrated the catalytic 
property of indium triflate in the ring-opening reactions of aziridines with carboxylic acid 
(Scheme 83). 136 A variety of β-aminoacetates and benzoates were afforded in high yields 










75                           76
Ranging from 7:93 to 97:3 of 75:76  
Scheme 83. Ring-opening of aziridines with carboxylic acids. 
 
Tetrahydropyranylation of alcohols is an attractive protection method due to its 
stability and compatibility under various conditions and reagents, such as metal hydrides, 
alkyllithiums, Grignard reagents and catalytic hydrogenation. Mineno has successfully 
demonstrated a fast and practical approach to tetrahydropyranylation of various alcohols, 
including alcohols with silyl moieties, via 0.5 mol% of indium triflate in dichloromethane 
(Scheme 84). 137 Subsequently, depyranylation of the THP ethers can be carried out to 
obtain the corresponding alcohols using the same catalyst, but different molar ratio in 
aqueous methanol. To elaborate, deprotection reaction requires ten folds, or 5 mol% 
indium triflate and extended reaction time for completion.  
 
                                                 
136 Yadav, J. S.; Subba Reddy, B. V.; Sadashiv, K.; Harikishan, K. Tetrahedron Lett. 2002, 43, 2099. 
137 Mineno, T. Tetrahedron Lett. 2002, 43, 7975. 















Scheme 84. Tetrahydropyranylation and depyranylation using indium triflate. 
 
Recently, a bifunctional catalyst system consisting indium triflate and benzoylquinine 
(BQ) was demonstrated to catalyze the asymmetric synthesis of β-lactams (Scheme 
85).138 Indium triflate acts as a co-catalyst for promoting the nucleophilic attack on imine, 













95-99% ee  
Scheme 85. Bifunctional asymmetric synthesis of β-lactams. 
 
Another example catalyzed by indium triflate is reported by Li et al. involving a 
novel coupling between internal alkynes and aldehydes, affording unsaturated ketones 
and [4 + 1] annulation products in good yields (Scheme 86).139 The major product turns 
out to be a convenient alternative to Wittig reactions140 and aldol reactions.141  
                                                 
138 France, S.; Wack. H.; Hafez, A. M.; Taggi, A. E.; Witsil, D. R.; Lectka, T. Org. Lett. 2002, 4, 1603. 
139 Viswanathan, G. S.; Li, C. J. Tetrahedron Lett. 2002, 43, 1613. 
140 (a) Maryanoff, B. E.; Reitz, A. B. Chem. Rev. 1989, 89, 863. (b) Bestmann, H. J.; Vostrowsky, O. Top 
Curr. Chem. 1983, 109, 85. (c) Pommer, H.; Thieme, P. C. Top Curr. Chem. 1983, 109, 165. 
141 (a) Trost, B. M.; Qi, S. J. Am. Chem. Soc. 2001, 123, 1230. (b) Mukaiyama, T. Isr. J. Chem. 1984, 24, 
162. (c) Yamamoto, Y.; Yatagai, H.; Maruyama, K. J. Chem. Soc., Chem. Commun. 1981. 162. (d) Schulz, 
G.; Steglich, W. Angew Chem. Int. Ed. Engl. 1977, 16, 251. 












major                        minor  
Scheme 86. Coupling reaction between alkynes and aldehydes.  
 
Facile O–H insertion reaction of α-diazo ketones with aliphatic/aromatic alcohols or 
benzenethiol haven been developed in the presence of a catalytic amount of indium 
triflate.142 These reactions provided good yields of α-alkoxy ketones (Scheme 87). The 














Scheme 87. O–H insertion reaction of α-diazo ketones. 
 
Microwave heating brings the technical solution to high-throughput synthesis because 
of the dramatic decrease in reaction times.143 Koshima et al. developed microwave 
assisted Friedal-Crafts acylation catalyzed by indium triflate under solvent-free 
conditions.144 A series of alkylbenzophenones were rapidly and efficiently prepared with 
good to excellent yields (Scheme 88).  
                                                 
142 Muthusamy, S.; Arulananda, S.; Gunanathan, C. Tetrahedron Lett. 2002, 43, 3133. 
143 (a) Kingston, (Skip), H. M.; Haswell, S. J. Microwave-Enhanced Chemistry: Fundamentals, Sample 
Preparation, and Application American Chemical Society: Washington, DC, 1997. (b) Loupy, A. 
Microwaves in Organic Synthesis Wiley-VCH: Weinheim, 2002. (c) Perreux, L.; Loupy, A. Tetrahedron 
2001, 57, 9199. (d) Lidstrom, P.; Tierney, J.; Wathey, J. B.; Westman, J. Tetrahedron 2001, 57, 9225. (e) 
Varma, R. S. Tetrahedron 2002, 58, 1235. 
144 Koshima, H.; Kubota, M. Syn. Commun. 2003, 33, 3983. 










Scheme 88. Microwave assisted Friedal-Crafts acylation. 
 
With such enormous utility of indium triflate both as a catalyst and co-catalyst, our 
group has discovered an unusual behavior of this catalyst during our investigation on 
allyl transfer reaction involving steroidal aldehyde. In the next section, I will like to 
highlight our investigation of this reaction. In addition, this behavior appeared in several 
substrates, and the products were isolated in relatively good yields. 
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4.2 AN UNUSUAL INDIUM TRIFLATE-MEDIATED OXIDATION OF 
ALDEHYDES 
 
Indium triflate is a mild acid, which is gaining attention over the past few years. Its 
involvement in organic transformation usually comes in two roles, which are being a 
catalyst or co-catalyst. During our investigation on allyl transfer reaction involving 
steroidal aldehyde 77a, we observed a minute quantity of an unknown after purification 
of the product. The unknown was found to be progesterone 78a after further verification 
















Scheme 89. Formation of progesterone. 
 
This unusual oxidation reaction which involves cleavage of C21 and C22 bond is 
rather similar to a Baeyer Villiger reaction.145 Instead of obtaining peroxide, ketone was 
furnished. To the best of our knowledge, there were a few reports that employed triflates 
                                                 
145 For reviews, see (a) Hassall, C. H. Org. React. 1957, 9, 73. (b) Leffler, J. E. Chem. Rev. 1949, 49, 385. 
(c) Lee, J. B.; Uff, B. C. Q. Rev. Chem. Soc. 1967, 21, 429. (d) House, H. O. Modern Synthetic Reactions 
Benjamin, New York, 1972, pp 327. (d) Plesnicar, B. in Oxidation in Organic Chemistry C Ed.: 
Trahanovsky, W. S., Academic Press, New York, 1978, pp 254. (e) Hudlicky, M. Oxidations in Organic 
Chemistry American Chemical Society, Washington, 1990, pp 186. (f) Krow, G. C. Org. React. 1993, 43, 
251. 
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for the oxidation of alcohols.146 Barrett et al. has reported the selective oxidation of a 
range of simple benzyl alcohol to benzaldehyde via a catalytic amount of ytterbium (III) 
triflate.146a In this case, a stoichiometric quantity of 69% nitric acid was used as oxidant, 
whereby the corresponding substituted benzaldehydes were produced in good to excellent 







R = F, Cl, Br, I, Me, CO2Me, NO2
OR
 
Scheme 90. Yb(OTf)3-catalyzed selection oxidation of benzyl alcohols. 
 
In another paper by Laali et al., cerium (IV) triflate was used as a reagent for benzylic 
oxidation, furnishing a variety of aromatic ketones, aldehydes and alcohols (Scheme 
91).146b A link has been established between the %H2O in cerium (IV) triflate and 










R1 = H, F, Cl; R2 = H, Me, Et, PhCH2, PhCH2CH2  
Scheme 91. Ce(OTf)4-catalzyed oxidation of benzylic compounds. 
 
 
                                                 
146 (a) Barrett, A. G.; Braddock, D. C.; McKinnell, R. M.; Waller, F. J. Synlett 1999, 9, 1489. (b) Laali, K. 
K.; Herbert, M.; Cushnyr, B.; Bhatt, A.; Terrano, D. J. Chem. Soc., Perkin Trans. 1 2001, 578. (c) 
Kitagawa, H.; Matsuo, J.; Iisa, D.; Mikaiyama, T. Chem. Lett. 2001, 580. 
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Another oxidation reaction involved oxidation of various primary alkyl triflates to the 
corresponding aldehydes via alkoxy(N-tert-butylamino)(methyl)sulfonium triflates.145c 
Various alkoxy(N-tert-butylamino)(methyl)sulfonium salts were prepared by selective O-
alkylation of N-tert-butylmethanesulfinamide with primary alkyl triflates. Successive 
treatment of these salts with DBU smoothly afforded the corresponding aldehydes in 















PhMe, rt R O
OTf  
Scheme 92. Oxidation of primary alkyl triflates to aldehydes. 
 
From the above described work, reagents, for instance nitric acid, H2O, sulfonamide 
and DBU, are required for oxidation to proceed. In our case, indium triflate seemed to be 
the only reagent required. In addition, we are interested in the mechanistic pathway 
which leads to progesterone. Following that, we would like to determine the scope of this 
oxidation reaction mediated by indium triflate. 
 
Our investigation on this side reaction commenced by stirring a solution of steroidal 
aldehyde 77a (0.2 mmol, 1.0 equiv.) and indium triflate (0.2 mmol, 1.0 equiv.) in 
dichloromethane (1 mL, 0.2 M) at room temperature (Scheme 93).  
 
 











Scheme 93. Monitoring reaction 
 
After 20 h, almost negligible amount of product was observed from TLC analysis, 
with starting material as the predominant compound. Subsequently, the same reaction 
was brought to reflux condition for another 4 h. TLC analysis showed a more intense 
product spot, with the presence of aldehyde too. Elongation of reaction time to another 48 
h did not deplete the aldehyde completely. Hence the reaction was worked up and the 
crude mixture was purified via column chromatography whereby progesterone was 
isolated in relatively low yield of 8%. At the same time, 69% of aldehyde was recovered.  
 
In order to improve the yield, we explored into other solvents and catalysts. First, the 
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Table 16. Oxidation of steroidal aldehyde 77a in various solvents. 
Entry Solvent Time (h) Yield (%) Recovery of 77a 
1 CH2Cl2 68 8 69 
2 CHCl3 120 12 56 
3 CCl4 120 7 66 
4 C2H4Cl2 120 14 62 
5 Toluene 120 10 57 
6 MeCN 96 9 54 
7 MeOH 120 8 70 
8 EtOH 120 7 61 
9 THF 120 8 60 
10 DMF 120 9 57 
11 DMSO 120 9 61 
12 C2H4Cl2/THF (1:1) 120 12 56 
13 [hmim]+BF4− 96 7 66 
 
The indium triflate-mediated oxidation of steroidal aldehyde 77a proceeded in all 
solvents, including ionic liquid (Table 16, entry 13). Generally, more than 50% of the 
aldehyde was recovered even with the elongation of reaction time to five days (or 120 h). 
Carrying out the oxidation reaction in dichloroethane gave the highest yield (14%) (Table 
16, entry 4), hence it was the choice of solvent for further investigation. 
 
 Next, the oxidation reaction was subjected to a variety of Lewis acids, mainly the 
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Table 17. Oxidation of steroidal aldehyde 77a in various Lewis acids.  
Entry Lewis acid Time (h) Yield (%) Recovery of 77a 
1 In(OTf)3 120 14 62 
2 InF3 120 0 - 
3 InCl3 120 8 61 
4 InBr3 120 9 65 
5 In(OCCH3CHOCCH3)3 120 8 70 
6 Cu(OTf)2 120 0 - 
7 Sc(OTf)3 120 0 - 
8 In(OTf)3 (0.1 equiv.) 120 5 78 
9 In(OTf)3 (0.5 equiv.) 120 11 72 
10 In(OTf)3 (2.0 equiv.) 120 12 48 
11 In(OTf)3 (4.0 equiv.) 120 10 32 
  
Indium trifluoride did not catalyze the reaction (Table 17, entry 2). Lower yields were 
obtained when the other indium (III) complexes were employed (Table 17, entries 3, 4 
and 5). Notably, no product was observed when copper (II) triflate or scandium (III) 
triflate was employed (Table 17, entries 6 and 7).  
 
Increasing the amount of indium triflate from two to four equivalents did not improve 
the low yield (Table 17, entries 9 and 10). When a catalytic amount of indium triflate was 
used, majority of the aldehyde remained unchanged and 78% was recovered after the 
reaction was refluxed for five days. In other words, a stoichiometric amount of indium 
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In the initial stage, we thought that indium (I) species may be the “active” species for 
the oxidation. Hence, the oxidation reaction was carried out with the stoichiometric 
amount of indium (I) bromide in dichloroethane. TLC analysis showed absence of 
product even with extended reaction time to three days.  
 
To study further on this assumption, our next investigation entailed stirring a solution 
of indium triflate (0.2 mmol, 1.0 equiv.) and zinc (0.2 mmol, 1.0 equiv.) in 
dichloroethane for approximately ten minutes, before the aldehyde 77a was added. As 
zinc may reduce indium (III) species to indium (I), the “active” species could be 
generated in situ for oxidation of the aldehyde. However, comparable low yield of 13% 
of progesterone was isolated even with extension of reaction time to seven days.  
 
Nevertheless, we continued our investigation on the possible mechanistic pathway. 
Since indium (I) species might not be the “active” species, it may be the one that caused 
the oxidation to put to a halt, which results in the poor yield. If the indium (I) species 
could be oxidized to indium (III) species, oxidation might be able to proceed smoothly. 
Next, we carried the indium triflate-mediated oxidation of aldehyde 77a in 
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Table 18. Oxidation of steroidal aldehyde 77a with addition of various oxidizing agents.  
Entry Oxidizing agent Time (h) Yield (%) Recovery of 80a 
1 Cu(CH3CO2−)2 120 14 65 
2 H2O2 22 0 - 
3 tert-BuOOH 22 0 - 
4 H2O 120 13 59 
  
Addition of copper (II) acetate was not able to improve the yield (Table 18, entry 1). 
Stronger oxidizing agents such as hydrogen peroxide (Table 18, entry 2) and tert-butyl 
hydroperoxide (Table 18, entry 3) decomposed the starting material after refluxing for 2 
h. Notably, the oxidation with addition of minute amount of water did not improve the 
yield at all. In an attempt to determine the role moisture play in this reaction, the reaction 
mixture consisting indium triflate and aldehyde 77a was dried azeotropically with THF (3 
× 3 mL), before it was refluxed using dichloroethane. Similarly, the starting material was 
not depleted even with the elongation of reaction time to five days. As a result, an 
isolated yield of 15% was obtained.  
 
As we were not able to determine the likely cause for the relatively low yield, we 
decided to change our aldehyde to another similar α-substituted aldehyde. Hence, our 
next reaction involved stirring a solution of 2-phenylpropionaldehyde 77b and indium 
triflate in dichloroethane. The reaction was allowed to reflux for a day (Scheme 94). 
 
 








70% yield  
Scheme 94. Oxidation of 2-phenylpropionaldehyde 77b.  
  
Notably, the corresponding ketone was furnished with good yield of 70% after 
refluxing for 20 h. This result suggested that this oxidation reaction mediated by indium 
triflate is substrate-dependent. In order to widen the scope of this oxidation, a variety of 
α-substituted aldehydes were examined, as shown in Table 19.  
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Table 19. Oxidation of various α-substituted aldehydes.  
R1 CHO
R2









Entry Aldehyde Time (h) Yield (%) 






168 16 0 
2 CHO
 
20 70 4 
3 CHO
 
24 66 5 
4 CHO
 




168 52 0 
6 CHO
 
72 62 0 
7 CHO
 
120 56 0 
8 CHO
 
120 30 0 
9 
CHO  
24 0 88 
10 CHO
 
120 0 34 
11 CHOBnO  96 44 12 
12 CHO
 
96 0 36 
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In all cases, the progress of the reactions was monitored by TLC analysis. 
Subsequently, the reactions were worked up when either the aldehyde was depleted or the 
progress remained unchanged after stirring for a couple of days. Notably, the α-
substituted aromatic aldehydes furnished the corresponding ketones in the highest yields 
(Table 19, entries 2 to 8) as compared to the α-substituted aliphatic aldehydes (Table 19, 
entries 9 to 11). It is evident that the bulkiness of the α-substituent plays a significant role 
in deterring efficient oxidation of the aldehydes, as relatively lower yields were observed 
for entries 4, 5 and 8. In some cases, the corresponding carboxylic acid was isolated with 
fairly poor yields (Table 19, entries 2 to 4).  
 
Generally, the α-substituted aldehydes gave the corresponding ketones except for 
some cases (Table 19, entries 9, 10 and 12). Many efforts had been devoted in these three 
entries to determine the presence of desired ketones. From the crude 1H NMR, no ketone 
was observed for all three entries. Nonetheless, the corresponding carboxylic acids were 
isolated in moderate to excellent yields.  
 
Another aldehyde which is similar to steroidal aldehyde was examined (Table 19, 
entry 12). The ketone was not observed, but the corresponding carboxylic acid was 
isolated in 36% yield. It is evident that the indium triflate- mediated oxidation of α-
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To gain mechanistic insight of this unusual oxidation reaction, we went on to 
investigate a few reactions. Initially, we believe that the aldehyde converted to alcohol 
80, before it finally oxidized to the ketone. Thus, our next investigation entailed refluxing 
a solution of 1-phenylethanol 80b (0.2 mmol, 1.0 equiv.) and indium triflate (0.2 mmol, 






80b                                                   78b
O
 
Scheme 95. Mechanistic study. 
 
After 20 h of refluxing, TLC analysis showed the presence of the starting material as 
the single compound in the reaction mixture. 1H NMR further proved that the alcohol 80b 
remained unchanged throughout the reaction.  Thus, it can be assumed that the ketone 
was not resulted via oxidation of alcohol 80b. 
 
In another investigation regarding the relatively poor yield of progesterone, we are 
interested in the progress of the reaction. Hence, our study entailed stirring a solution of 
steroidal aldehyde 77a and indium triflate in deuterated chloroform was refluxed, and a 
































































































































































































































Indium Triflate-mediated Oxidation 
127 
From the NMR study, it is evident that progesterone 78a was observed when the 
reaction mixture was refluxed for 5 min. However, reaction did not go to completion as 
observed from the NMR at 39 h. Steroidal aldehyde was still present in the reaction 
mixture, with comparable amount of progesterone when the reaction was refluxed for 25 
h.  
 
In addition, we did not observe any peroxide or ether peaks in the NMR study. This 
information showed that the corresponding ketone was not produced via peroxide or 
dimer of the aldehyde.  
 
With the list of products as observed from Table 19, it is evident that the indium 
triflate-mediated oxidation took place in two possible pathways, affording either the 
















Scheme 96. Possible oxidation pathways. 
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4.3 CONCLUSION AND FUTURE WORK 
 
We have successfully developed an indium triflate-mediated oxidation of α-
substituted aldehydes, furnishing a range of ketones and carboxylic acids. A few 
observations were taken note of during our investigation. First, the reaction is substrate-
dependent. Bulkier substituents at the α-position of aldehyde may lead to formation of 
ketones or carboxylic acids in lower yields. However, aromatic substituents gave the 
desired products in the highest yields, whereas cyclic types gave the lowest yields.  
 
However, we hope to improve the relatively poor yields observed from cyclic and 
aliphatic substrates. Despite the encouraging results, we were unable to propose a 
plausible mechanistic pathway for this oxidation reaction. In the meantime, investigations 














5.1 GENERAL INFORMATION 
 
Experiments involving moisture and/or sensitive compounds were performed under a 
positive pressure of nitrogen in flame-dried glassware equipped with a rubber septum 
inlet. Solvents and liquid reagents were transferred by oven-dried syringes cooled in a 
dessicator or via double-tipped cannular needles. Reactions mixtures were stirred with 
Teflon-coated magnetic stirring bars unless otherwise stated. Moisture in non-volatile 
reagents/compounds was removed by the addition of the stated amount of anhydrous 
THF, followed by the removal of the solvent and traces of moisture in vacuo by means of 
an oil pump (~ 30 mmHg, 23 – 50 oC) and subsequent purging with nitrogen. 
 
All experiments were monitored by analytical thin layer chromatography (refer to 
section under “Chromatography”). Solvents were removed in vacuo under ~30 mmHg 
and heated with a water bath at 23 oC using Büchi rotary evaporator cooled with running 
water at 0 oC. 
 
Materials 
Reagents were purified prior to use unless otherwise stated following the guidelines 
of Perrin and Armarego.147 Solvents such as hexane, ethyl acetate, dichloromethane and 
water were freshly distilled prior to use. Anhydrous THF was obtained by distillation 
under nitrogen atmosphere from a deep purple solution resulting from sodium and 
                                                 




benzophenone. Anhydrous dichloromethane was distilled over calcium hydride under 
nitrogen atmosphere.  
 
Both triethylamine and dimethyl sulfoxide were distilled over calcium hydride and 
stored over molecular sieves to maintain dryness. Hydrochloric acid was diluted from 
concentrated 37% solution. Saturated solutions of ammonium chloride, sodium chloride, 
sodium bicarbonate, and sodium carbonate were prepared from their respective solids. 
 
Chromatography 
Analytical thin layer chromatography was performed using Merck 60 F254 pre-coated 
silica gel plates (0.25 mm thickness). Visualization was accomplished with UV light (254 
nm) and iodine crystals, KMnO4 or ceric molybdate solution followed by heating on a hot 
plate. 
 
Flash column chromatography was performed using Merck Silica Gel 60 (0.010-
0.063 nm) and freshly distilled solvents. Columns were packed as slurry of silica gel in 
hexane/CH2Cl2 and equilibrated with the appropriate solvent/solvent mixture prior to use. 
The analyte was loaded neat or as a concentrated solution using the appropriate solvent 








Instruments & Equipments 
Infrared Spectroscopy 
Infrared spectra were recorded on a Bio-RAD FTS 165 FT-IR Spectrometer. Solid 
samples were analyzed as a KBr pressed-disk while liquid samples were either examined 
neat between KBr salt plates or as a solution in dichloromethane using NaCl liquid cells. 
 
Optical Rotation 
Optical rotation was measured using a JASCO DIP-1000 Digital Polarimeter 
equipped with a sodium vapour lamp at 589 nm. Concentration is denoted as c and was 
calculated as grams per milliliters (g/100 mL) whereas the solvent was indicated in 
parentheses (c, solvent). 
 
Mass Spectroscopy 
Mass spectrometries were performed by the staff from the Chemical and Molecular 
Analysis Center of the National University of Singapore 
(http://www.chemistry.nus.edu.sg/cmac/ms/MS_Instrument.html). MS (EI) spectra were 
recorded on a Hewlett-Packard 5890A gas chromatogram, and HRMS (EI) spectra were 
recorded on a V>G> Micromass 7035. MS and HRMS (ESI) spectra were recorded on a 
Finnigan/MAT LCQ quadrupole ion trap mass spectrometer, coupled with the TSP4000 
HPLC system and the Crystal 310 CE system. HRMS (FAB) spectra were recorded on a 





Nuclear Magnetic Resonance Spectroscopy 
Proton nuclear magnetic resonance (1H NMR) and carbon nuclear magnetic 
resonance (13C NMR) spectroscopy were performed on a 300 MHz Bruker ACF 300, 300 
MHz Bruker DPX 300 and 500 MHz Bruker AMX 500 NMR spectrometer.  
 
Chemical shifts were reported as δ in units of parts per million (ppm) downfield from 
tetramethysilane (δ 0.00), using the residual solvent signal as an internal standard: 
deuterio chloroform-d, CDCl3 (1H NMR, δ 7.26, singlet; 13C NMR, δ 77.04, triplet). 
 
Multiplicities were given as: s (singlet), d (doublet), t (triplet), q (quartet), qn 
(quintet), m (multiplets), br (broad), dd (doublet of doublets), dt (doublet of triplets), ddd 
(doublet of doublet of doublets) and ddt (doublet of doublet of triplets). Coupling 
constants (J) were recorded in Hertz (Hz). The number of protons (n) for a given 
resonance was indicated by nH. 
 
Nomenclature 
Systematic nomenclature for the compounds would follow the numbering system as 






5.2 THE SYNTHESIS OF HIGHLY ENANTIOSELECTIVE TERMINAL 
HOMOALLYLIC ALCOHOLS THROUGH SUPPRESSION OF 
EPIMERIZATION 
 
A representative procedure for preparation of camphor-derived branched 
homoallylic alcohols (24a and 24b): 
To a cooled (0 oC) solution of (1R)-(+)-camphor (7.61 g, 50 mmol) in diethyl ether (100 
mL) under continuous flow of nitrogen was added freshly prepared 
allyl/crotylmagnesium bromide (150 mmol) dropwise. The reaction mixture was allowed 
to warm up to room temperature and stir for another 3 hours. The reaction mixture was 
quenched using 40 mL saturated NH4Cl solution and was extracted with diethyl ether (3 
× 30 mL). The combined organic phases were washed with water, followed by brine, 
before drying over MgSO4. Next, the crude mixture was filtered and concentrated in 
vacuo. The crude product was purified via column chromatography using a mixed eluent 























Colorless oil (7.97 g, 82%);  
[α]D25 = + 6.7 o (0.62, CH2Cl2); 
Rf = 0.78 (2:1 hexane/ethyl acetate); 
1H NMR (300 MHz, CDCl3): δ 5.94 – 5.90 (m, 1H, C=CH), 5.18 – 5.13 (m, 2H, 
C=CH2), 2.29 – 2.16 (m, 2H, =C–CH2), 1.90 (dt, J = 12.9, 3.5 Hz, 1H, bridge H), 1.65 – 
1.32 (m, 6H, six of bicyclic), 1.03 (s, 3H, CCH3), 0.78 (s, 6H, two CCH3); 
13C NMR (75.4 MHz, CDCl3): δ 135.0, 118.8, 79.6, 52.1, 49.4, 46.0, 45.0, 44.5, 30.5, 
27.0, 21.4, 20.9, 10.9; 
FTIR (neat): 3487, 2949, 1638, 1456, 1390, 911 cm-1; 

















Colorless oil (9.06 g, 87%)  
1R, 2S, 11R – 24b1/1R, 2S, 11S – 24b2 = 70/30 by 1H and 13C NMR: 
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1H NMR: By integrating the peaks at δ 2.31 (24b1) and δ 2.35 (24b2); 13C NMR: By 
integrating the peaks at δ 80.9 (24b1) and δ 82.1 (24b2). Both sets of integrals 
approximately show a ratio of 70:30; 
Rf = 0.70 (2:1 hexane/ethyl acetate); 
[α]D25 = – 2.7 o (0.35, CH2Cl2); 
1H NMR (300 MHz, CDCl3): (major diastereomer) δ 6.04 – 5.87 (m, 1H, C=CH), 5.06 
(dd, J = 15.2, 2.8 Hz, 1H, cis proton of C=CH2), 4.95 (dd, J = 10.6, 1.2 Hz, 1H, trans 
proton of C=CH2), 2.31 (dq, J = 7.6, 7.2 Hz, 1H, CH3CH), 1.90 – 1.73 (m, 1H, bridge H), 
1.67 – 1.30 (m, 6H, six of bicyclic), 0.99 (d, J = 4.0 Hz, 3H, >CHCH3), 0.95 (s, 3H, 
CCH3), 0.79 (s, 3H, CCH3), 0.76 (s, 3H, CCH3); 
13C NMR (75.4 MHz, CDCl3): (2 isomers) δ 141.4, 115.9, 114.2, 82.1, 80.9, 52.8, 52.4, 
50.4, 50.1, 47.3, 47.0, 46.3, 46.0, 44.7, 44.5, 29.7, 29.3, 27.6, 27.5, 21.4, 21.0, 15.5, 14.7, 
12.2, 12.0; 
FTIR (neat): 3479, 3075, 2963, 2881, 1634, 1459, 1381, 1268, 1081, 1001, 913 cm-1; 
HRMS (EI) m/z Calcd for C14H24O [M+]: 208.1827, found 208.1803. 
 
General procedures for allyl transfer reaction from camphor homoallylic alcohol 
24a (Table 4) 
To a solution of (1R)-(–)-10-camphorsulfonic acid (7 mg, 0.03 mmol, 0.01 equiv.) and 
aldehyde (0.3 mmol, 1.0 equiv.) in dichloromethane (0.05 mL) under nitrogen at room 
temperature was added (1R,2R,4R)-2-allyl-1,7,7-trimethylbicyclo[2.2.1]heptan-2-ol 24a 
(175 mg, 0.9 mmol, 3.0 equiv.). The reaction mixture was allowed to stir for 5-6 days. 
The reaction mixture was diluted with 10 mL diethyl ether, washed with saturated 
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NaHCO3 solution (2 × 10 mL) and followed by brine, before drying over MgSO4, filtered 
and concentrated in vacuo. The crude product was purified via column chromatography. 
 
A representative procedure for derivatization of alcohol using 3,5-dinitrobenzolic 
chloride  
To a solution of alcohol (1.0 equiv.), 3,5-dinitrobenzolic chloride (2.0 equiv.) and 4-
(dimethylamino)-pyridine (0.1 equiv.) in 2 mL dicholormethane under nitrogen at room 
temperature was added distilled triethylamine (distilled over CaH2) (3.0 equiv.) dropwise. 
The reaction was allowed to stir at room temperature for 2-4 h unitl complete depletion of 
alcohol as per determined by TLC analysis. The reaction mixture was concentrated in 
vacuo. The crude product was purified via column chromatography using minimum 
amount of hexane, and the derivatized product was isolated using a mix solvent of hexane 
and ethyl acetate in 40:1. 
 
A representative procedure for derivatization of alcohol using R-(+)-α-
trifluoromethyl-α-methoxy-phenylacetic acid (98.5:1.5 GC, Fluka Chemie GmbH) 
To a solution of alcohol (1.0 equiv.), R-(+)-α-trifluoromethyl-α-methoxy-phenylacetic 
acid (2.0 equiv.) and 4-(dimethylamino)-pyridine (0.1 equiv.) in 2 mL dicholormethane 
under nitrogen at room temperature was added pre-mixed solution of N,N’-
dicyclohexylcarbodiimide (3.0 equiv.) in dichloromethane dropwise. The reaction was 
allowed to stir at room temperature for 2-4 h unitl complete depletion of alcohol as per 
determined by TLC analysis. The reaction mixture was concentrated in vacuo. The crude 
product was purified via column chromatography using minimum amount of hexane, and 
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Colorless oil (37 mg, 70%);  
Rf = 0.49 (4:1 hexane/ethyl acetate); 
[α]D25 = + 29.9 o (0.82, CH2Cl2)  
1H NMR (300 MHz, CDCl3): δ 7.31 – 7.16 (m, 5H, Ph–H), 5.89 – 5.75 (m, 1H, C=CH), 
5.17 – 5.12 (m, 2H, C=CH2), 3.68 (m, 1H, HOCH), 2.74 (m, 2H, =CCH2), 2.36 – 2.14 
(m, 2H, PhCH2), 1.81 – 1.76 (m, 2H, PhCH2CH2);  
13C NMR (75.4 MHz, CDCl3): δ 142.0, 134.6, 128.4 (2C overlap), 125.8, 118.2, 70.0, 
42.0, 38.4, 32.0.   
FTIR (neat): 3377, 2928, 1495 cm–1.  
HRMS (EI) m/z Calcd for C12H160 [M+]: 176.1201. Found: 176.1199. 
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 
OD column (Hexane: i-propanol 99:1, 1.0 mL/min): t1 = 11.18 min and t2 = 17.67 min. It 
has been established that the S enantiomer elutes first.148 
 
                                                 















Colorless oil (5 mg, 12%);  
Rf = 0.38 (4:1 hexane/ethyl acetate); 
[α]D25 = + 6.8 o (0.91, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.37 – 7.27 (m, 5H, Ph–H), 5.89 – 5.75 (m, 1H, C=CH), 
5.20 – 5.13 (m, 2H, C=CH2), 4.75 (t, J = 5.6 Hz, 1H, HOCH), 2.54 – 2.49 (m, 2H, 
=CCH2), 2.20 (m, 1H, OH);  
13C NMR (75.4 MHz, CDCl3): δ 143.9, 134.5, 128.4, 127.6, 125.8, 118.4, 73.3, 43.8; 
FTIR (neat): 3468, 2932, 1707, 1642, 1494, 1452, 1051, 999, 916, 758, 701 cm–1;  
HRMS (EI) m/z Calcd for C10H120 [M+]: 148.0888. Found: 148.0899. 
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 





















Colorless oil (17 mg, 41%);  
Rf = 0.58 (4:1 hexane/ethyl acetate); 
[α]D25 = + 19.6 o (0.16, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 5.90 – 5.76 (m, 1H, C=CH), 5.16 – 5.11 (m, 2H, 
C=CH2), 3.68 – 3.60 (m, 1H, HOCH), 2.34 – 2.09 (m, 2H, =CCH2), 1.48 – 1.43 (m, 2H, 
HOCCH2), 1.34 – 1.21 (m, 6H, three of CH2), 0.89 (t, J = 6.6 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ  134.9, 118.0, 80.7, 41.9, 36.8, 31.9, 25.3, 22.6, 14.1; 
FTIR (neat): 3433, 2931, 2860, 1642, 1462, 1125, 1030, 996, 913, 726 cm–1; 
HRMS (EI) m/z Calcd for C9H180 [M+]: 142.1358. Found: 142.1356. 
The product was derivatized with 2,4-dinitrobenzolic chloride before the enantiometric 
excess was determined by HPLC analysis employing a Daicel Chiracel AD column 




















Colorless oil (43 mg, 78%);  
Rf = 0.53 (4:1 hexane/ethyl acetate); 
[α]D25 = + 14.7 o (0.76, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 5.90 – 5.76 (m, 1H, C=CH), 5.17 – 5.11 (m, 2H, 
C=CH2), 3.64 (m, 1H, HOCH), 2.36 (m, 2H, =CCH2), 1.48 – 1.43 (m, 2H, HOCCH2), 
1.33 – 1.25 (m, 12H, six of CH2), 0.88 (t, J = 6.3 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ  134.9, 118.0, 70.7, 41.9, 36.8, 31.9, 29.7, 29.6, 29.3, 
25.7, 22.7, 14.1; 
FTIR (neat): 3557, 2924, 2855, 1642, 1464, 995, 913 cm–1; 
HRMS (EI) m/z Calcd for C12H240 [M+]: 184.1827. Found: 184.1830. 
The product was derivatized with R-(+)-α-trifluoromethyl-α-methoxy-phenylacetic acid 
(Mosher acid) before the enantiomeric excess was found to be 96% by 500 MHz 1H 


















Colorless oil (25 mg, 54%);  
Rf = 0.43 (4:1 hexane/ethyl acetate); 
[α]D25 = + 20.7 o (0.68, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 5.90 – 5.76 (m, 1H, C=CH), 5.15 – 5.10 (m, 2H, 
C=CH2), 3.43 – 3.37 (m, 1H, HOCH), 2.33 – 2.28 (m, 2H, =CCH2), 2.18 – 2.08 (m, 1H, 
Cy CH), 1.94-1.26 (m, 10H, five of Cy CH2);  
13C NMR (75.4 MHz, CDCl3): δ 135.5, 117.9, 74.8, 43.1, 38.8, 29.1, 28.1, 26.5, 26.1, 
25.4; 
FTIR (neat) 3469, 2923, 2853, 1641, 1449, 1036, 986, 911 cm–1; 
HRMS (EI) m/z Calcd for C10H180 [M+]: 154.1358. Found: 154.1358. 
The product was derivatized with 2,4-dinitrobenzolic chloride before the enantiometric 
excess was determined by HPLC analysis employing a Daicel Chiracel OD column 



















Colorless oil (38 mg, 81%);  
Rf = 0.51 (4:1 hexane/ethyl acetate); 
[α]D25 = + 5.4 o (1.12, CH2Cl2);  
1H NMR (300 MHz, CDCl3): δ 5.90 – 5.76 (m, 1H, C=CH), 5.45 – 5.32 (m, 2H, 
C=CH2), 5.15 – 5.11 (m, 2H, two of C=CH), 3.71 – 3.63 (m, 1H, HOCH), 2.35 – 2.30 
(m, 2H, HOCCH2), 2.30 – 2.01 (m, 4H, two of =CCH2), 1.52 – 1.47 (m, 2H, CH2), 1.02 
(t, J = 7.0 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ 134.8, 132.3, 128.5, 118.1, 70.4, 42.0, 36.7, 23.5, 20.5, 
12.3;  
FTIR (neat): 3412, 2965, 2932, 1642, 1454, 1065, 995, 914 cm–1; 
HRMS (EI) m/z Calcd for C10H180 [M+]: 154.1358. Found: 154.1353. 
The product was derivatized with 2,4-dinitrobenzolic chloride before the enantiomeric 
excess was determined by HPLC analysis employing a Daicel Chiracel AD column 


















Colorless oil (42 mg, 65%);  
Rf = 0.26 (4:1 hexane/ethyl acetate); 
[α]D25 = – 7.4 o (0.95, CH2Cl2)  
1H NMR (300 MHz, CDCl3): δ 6.96 (dt, J = 1.7, 7.0 Hz, 1H, C=CH), 5.89 – 5.75 (m, 2H, 
one C=CH, one O=C–CH ), 5.17 – 5.12 (m, 2H, C=CH2), 4.13 (q, J = 7.0 Hz, 2H, 
OCH2), 3.69 – 3.61 (m, 1H, HOCH), 2.35 – 2.20 (m, 2H, HOCCH2), 2.19 – 2.09 (m, 2H, 
=CCH2), 1.51 – 1.50 (m, 4H, two of CH2), 1.29 (t, J = 7.0 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ 166.6, 148.8, 134.6, 121.5, 118.1, 70.2, 60.1, 41.9, 36.0, 
32.0, 24.1, 14.2;  
FTIR (neat): 3455, 2935, 1718, 1635, 1445, 1369, 1312, 1273, 1191, 1043, 945, 864 cm–
1;  
HRMS (EI) m/z Calcd for C12H2003 [M+]: 212.1412. Found: 212.1396. 
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 



















Colorless oil (27 mg, 44%);  
Rf = 0.44 (4:1 hexane/ethyl acetate); 
[α]D25 = + 11.3 o (0.21, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.35 – 7.31 (m, 5H, Ph–H), 5.91 – 5.77 (m, 1H, C=CH), 
5.15 – 5.08 (m, 2H, C=CH2), 4.53 (s, 2H, PhCH2), 3.92 – 3.84 (m, 1H, HOCH), 3.76 – 
3.61 (t, J = 6.2 Hz, 2H, OCH2), 2.28 – 2.22 (m, 2H, HOCCH2), 1.80 – 1.74 (m, 2H, 
CH2);  
13C NMR (75.4 MHz, CDCl3): δ 138.0, 134.9, 128.5, 127.7 (2C overlap), 117.6, 73.3, 
70.3, 68.9;  
FTIR (neat): 3469, 2920, 2963, 1642, 1452, 1366, 1098, 925, 737, 698 cm–1;  
HRMS (EI) m/z Calcd for C13H1802 [M+]: 206.1307. Found: 206.1316. 
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 




















Colorless oil (41 mg, 62%);  
Rf = 0.38 (4:1 hexane/ethyl acetate); 
[α]D25 = + 7.4 o (0.79, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.39 – 7.28 (m, 5H, Ph–H), 5.90 – 5.77 (m, 1H, C=CH), 
5.17 – 5.09 (m, 2H, C=CH2), 4.52 (s, 2H, PhCH2), 3.71 – 3.61 (brm, 1H, HOCH), 3.52 
(t, J = 5.9 Hz, 2H, OCH2), 2.32 – 2.13 (m, 2H, =CCH2), 1.78 – 1.63 (m, 2H, HOCCH2), 
1.53 – 1.41 (m, 2H, CH2);  
13C NMR (75.4 MHz, CDCl3): δ 138.2, 135.0, 128.4, 127.7, 127.6, 117.7, 73.0, 70.6, 
70.4, 42.0, 34.0, 26.2;  
FTIR (neat): 3451, 2928, 2862, 1641, 1452, 1097, 1026, 998, 915, 740, 699 cm–1;  
HRMS (EI) m/z Calcd for C14H2002 [M+]: 220.1463. Found: 220.1465. 
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 





















Colorless oil (35 mg, 50%);  
Rf = 0.58 (4:1 hexane/ethyl acetate); 
[α]D25 = – 21.1 o (0.68, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.35 – 7.27 (m, 5H, Ph–H), 5.89 – 5.75 (m, 1H, C=CH), 
5.17 – 5.10 (m, 2H, C=CH2), 4.50 (s, 2H, PhCH2), 3.69 – 3.61 (brm, 1H, HOCH), 3.48 
(t, J = 6.3 Hz, 2H, O CH2), 2.34 – 2.26 (m, 2H, =CCH2), 2.23 – 2.22 (m, 2H, HOCCH2), 
2.19 – 2.09 (m, 2H, one of CH2), 1.51 – 1.46 (m, 2H, one of CH2);  
13C NMR (75.4 MHz, CDCl3): δ  138.6, 134.9, 128.3, 127.6, 127.5, 118.0, 72.9, 70.6, 
70.3, 41.9, 36.5, 29.7, 22.3; 
FTIR (neat): 3416, 2936, 2862, 1641, 1454, 1102, 1028, 998, 913, 736, 698 cm–1;  
HRMS (EI) m/z Calcd for C15H2202 [M+]: 234.1620. Found: 234.1615. 
The enantiomeric excess was determined by HPLC analysis employing two Daicel 




















White Solid (47 mg, 42%);  
Rf = 0.38 (2:1 hexane/ethyl acetate); 
[α]D25 = + 96.0 o (0.31, MeOH); 
1H NMR (300 MHz, CDCl3): δ 5.91 – 5.77 (m, 1H, C=CH), 5.72 (brs, 1H, ring C=CH), 
5.17 – 5.12 (m, 2H, C=CH2), 3.69 (dd, J = 5.2, 10.5 Hz, 1H, HOCH), 1.18 (s, 3H, C18 
CH3), 0.94 (d, J = 6.6 Hz, 3H, C21 CH3), 0.74 (s, 3H, C19 CH3);  
13C NMR (75.4 MHz, CDCl3): δ 199.6, 171.5, 136.2, 128.8, 117.9, 72.1, 55.6, 53.9, 53.1, 
42.8, 41.1, 39.7, 38.6, 35.7 (2C, overlap), 35.0, 34.0, 32.9, 32.1, 27.4, 24.3, 21.1, 17.4, 
12.5, 12.0; 
FTIR (film, KBr): 3368, 2939, 1674, 1432, 1229, 886 cm–1;  




















White Solid (51 mg, 46%);  
Rf = 0.31 (2:1 hexane/ethyl acetate); 
[α]D25 = + 68.9 o (0.46, MeOH); 
1H NMR (300 MHz, CDCl3): δ 5.87 – 5.76 (m, 1H, C=CH), 5.72 (brs, 1H, ring C=CH), 
5.14 – 5.08 (m, 2H, C=CH2), 3.72 (q, J = 5.2 Hz, 1H, HOCH), 1.18 (s, 3H, C18 CH3), 
0.92 (d, J = 5.6 Hz, 3H, C21 CH3), 0.72 (s, 3H, C19 CH3);  
13C NMR (75.4 MHz, CDCl3): δ 199.6, 171.5, 135.7, 123.8, 117.5, 72.4, 55.8, 53.8, 52.6, 
42.4, 40.2, 40.1, 39.7, 38.6, 35.7 (2C, overlap), 34.0, 32.9, 32.0, 27.7, 24.1, 21.1, 17.4, 
11.9, 11.7; 
FTIR (film, KBr): 3368, 2939, 1674, 1432, 1229, 886 cm–1; 





5.3 SYNTHESIS OF ENANTIOMERIC CIS-LINEAR HOMOALLYLIC 
ALCOHOLS BASED ON THE STERIC INTERACTION MECHANISM OF 
CAMPHOR SCAFFOLD  
 
General procedures for allyl transfer reaction from camphor homoallylic alcohol 
24b (Table 8). 
To a solution of (1R)-(–)-10-camphorsulfonic acid (7 mg, 0.03 mmol) and aldehyde (0.3 
mmol) in dichloromethane (0.05 mL) under nitrogen at room temperature was added 2-
(but-3-en-2-yl)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-ol 24b (as a mixture of isomers 
70:30; 187 mg, 0.9 mmol). The reaction mixture was allowed to stir for 5-6 days. The 
reaction mixture was diluted with 10 mL diethyl ether, washed with saturated NaHCO3 
solution (2 × 5 mL) and followed by brine, before drying over MgSO4, filtered and 












 (94% ee, 99% Z) 
Colorless oil (50 mg, 88%);  
Rf = 0.35 (4:1 hexane/ethyl acetate); 
[α]D25 = – 21.2 o (1.0, CH2Cl2); 
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1H NMR (300 MHz, CDCl3): δ 7.28 – 7.09 (m, 5H, Ph–H), 5.59 (ddq, J = 10.8, 7.2, 0.8 
Hz, 1H, C=CH), 5.36 (dtq, J = 10.8, 7.6, 1.6 Hz, 1H, =CHCH3), 3.65 – 3.55 (m, 1H, 
HOCH), 2.75 – 2.62 (m, 2H, =CHCH2), 2.20 (t, J = 7.2 Hz, 2H, PhCH2), 1.73 (dq, J = 
13.5, 7.2 Hz, 2H, PhCH2CH2), 1.58 (dd, J = 7.2, 0.8 Hz, 3H, CH3); 
13C NMR (75.4 MHz, CDCl3): δ 142.1, 128.4, 128.3, 127.5, 125.9, 125.8, 70.8, 38.4, 
35.1, 32.1, 13.0; 
FTIR (neat): 3376, 3062, 3022, 2929, 2862, 1661, 1602, 1494, 1447, 1407, 1373, 1361, 
1049, 395, 861, 744, 701, 580, 506 cm-1; 
HRMS (EI) m/z Calcd for C13H180 [M+]: 190.1358, found: 190.1357. 
The enantiomeric excess and the E/Z selectivity were determined by HPLC analysis 
employing a Daicel Chiracel OD column (Hexane: i-propanol 99:1, 1.0 mL/min): t1 = 










 (97% ee, >99% Z) 
Colorless oil (32 mg, 68%);  
Rf = 0.43 (4:1 hexane/ethyl acetate); 
[α]D25= + 1.3 o (1.0, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 5.70 – 5.59 (m, 1H, C=CH), 5.48 – 5.39 (m, 1H, 
=CHCH3), 3.62 (q, J = 5.9 Hz, 1H, HOCH); 2.22 (t, J = 6.97 Hz, 2H, =CCH2), 1.64 (dd, 
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J = 7.0, 0.7 Hz, 3H, =CHCH3); 1.46 (m, 2H, CH2), 1.30 (m, 4H, two CH2), 0.89 (t, J = 
6.0 Hz, 3H, CH2CH3); 
13C NMR (75.4 MHz, CDCl3): δ 127.2, 126.3, 71.6, 36.9, 35.0, 31.9, 25.5, 22.7, 14.1, 
13.0;  
FTIR (neat): 3400, 3019, 2957, 2957, 2930, 2858, 2370, 2345, 1656, 1639, 1459, 1378, 
1124, 1030, 968 cm-1; 
HRMS (EI) m/z Calcd for C10H100 [M+]: 156.1514, found: 156.1521. 
Product was derivatized with R-(+)-α-trifluoromethyl-α-methoxy-phenylacetic acid 
(Mosher acid) before the enantiomeric excess and the E/Z selectivity were determined by 
HPLC analysis employing a Daicel Chiracel AD column (Hexane: i-propanol 99.5:0.5, 










 (90% ee, 94% Z) 
Light yellow oil (24 mg, 95 %);  
Rf = 0.50 (4:1 hexane/ethyl acetate); 
[α]D25 = – 4.5 o (1.0, CH2Cl2);  
1H NMR (300 MHz, CDCl3): δ 5.58 (ddq, J = 10.9, 6.8, 1.6 Hz, 1H, C=CH), 5.37 (dtq, J 
= 10.9, 7.2, 0.8 Hz, 1H, =CHCH3), 3.58 – 3.54 (m, 1H, HOCH), 2.15 (dt, J = 6.8 Hz, 2H, 
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=CCH2), 1.57 (dd, J = 6.8, 0.8 Hz, 3H, =CHCH3), 1.40 (m, 2H, HOCCH2), 1.26 (m, 
12H, six CH2) 0.81 (t, J = 6.4 Hz, 3H, CH3); 
13C NMR (75.4 MHz, CDCl3): δ  127.2, 127.1, 71.5, 36.9, 35.0, 31.9, 29.7, 29.6, 29.3, 
25.8, 22.6, 14.1, 13.0; 
FTIR (neat): 3361, 3018, 2925, 2858, 1658, 1457, 1373, 1124, 1029, 859, 706 cm–1; 
HRMS (EI) m/z Calcd for C13H260 [M+]: 198.1984, found: 198.1984. 
Product was derivatized with R-(+)-α-trifluoromethyl-α-methoxy-phenylacetic acid 
(Mosher acid) before the enantiomeric excess and the E/Z selectivity were determined by 
HPLC analysis employing a Daicel Chiracel AD column (Hexane: i-propanol 99.5:0.5, 1 












 (92% ee, 96% Z) 
Colorless oil (20 mg, 40%);  
Rf = 0.51 (4:1 hexane/ethyl acetate); 
[α]D25 = – 2.5 o (1.0, CH2Cl2);  
1H NMR (300 MHz, CDCl3): δ 5.69 – 5.61 (m, 1H, C=CH), 5.49 – 5.41 (m, 1H, 
=CHCH3), 3.38 (dt, J = 6.6, 5.6 Hz, 1H, HOCH), 2.28 – 2.23 (m, 2H, =CCH2), 1.64 (d, J 
= 6.3 Hz, 3H, =CHCH3), 1.32 – 1.27 (m, 1H, Cy CH), 1.13 – 1.09 (m, 4H, two Cy CH2), 
1.05 – 0.91 (m, 6H, three Cy CH2); 
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13C NMR (75.4 MHz, CDCl3): δ 127.3, 126.7, 75.6, 43.2, 31.8, 29.3, 28.2, 26.6, 26.4, 
26.2, 13.0;  
FTIR (neat): 3591, 3020, 2925, 2854, 1625, 1448, 1261, 1086, 1065, 1030, 968, 892 cm–
1;  
HRMS (EI) m/z Calcd for C11H200 [M+]: 168.1514 , found: 168.1520. 
Product was derivatized with 3,5-dinitrobenzolic chloride before the enantiomeric excess 
and the E/Z selectivity were determined by HPLC analysis employing a Daicel Chiracel 
OD followed by a Daicel Chiracel ODH column (Hexane: i-propanol 99:1, 0.3 mL/min): 













 (97% ee, >99% Z) 
Light yellow oil (27 mg, 40%);  
Rf = 0.44 (2:1 hexane/ethyl acetate); 
[α]D25 = + 72.8 o (0.52, MeOH); 
1H NMR (300 MHz, CDCl3): δ 7.35 – 7.6 (m, 5H, Ph–H), 5.66 - 5.55 (m, 1H, C=CH), 
5.55 – 5.29 (m, 1H, =CHCH3), 4.52 (s, 2H, PhCH2), 3.89 – 3.81 (m, 1H, HOCH), 3.73 (t, 
J = 6.42 Hz, 2H, OCH2), 2.34 – 2.15 (m, 2H, =CCH2), 1.79 – 1.74 (m, 2H, OCH2CH2), 
1.63 (d, J = 6.6 Hz, 3H, =CHCH3); 




FTIR (neat): 3429, 3031, 2939, 2858, 1638, 1453, 1095, 969, 697 cm-1; 
HRMS (EI) m/z Calcd for C14H20O2 [M+]: 220.1463, found 220.1459. 
The enantiomeric excess and the E/Z selectivity were determined by HPLC analysis 
employing a Daicel Chiracel OB x 2 (Hexane 100%; 3.0 mL/min): t1 = 33.01, t2 = 46.03 














 (>99% ee, >99% Z) 
Light yellow oil (66 mg, 94%);  
Rf = 0.33 (4:1 hexane/ethyl acetate); 
[α]D25 = – 1.7 o (0.88, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.36 – 7.27 (m, 5H, Ph–H), 5.69 – 5.59 (m, 1H, C=CH), 
5.51 – 5.42 (m, 1H, =CHCH3), 4.53 (s, 2H, PhCH2), 3.72 – 3.62 (m, 1H, HOCH), 3.53 (t, 
J = 5.9 Hz, 2H, OCH2), 2.33 – 2.24 (m, 2H, =CCH2), 1.65 (d, J = 6.6 Hz, 3H, =CHCH3), 
1.53 (q, J = 7.3 Hz, 2H, CH2), 1.31 – 1.25 (m, 2H, OCH2CH2); 
13C NMR (75.4 MHz, CDCl3) δ 138.3, 128.4, 127.7, 127.6, 126.8, 126.4, 73.0, 71.3, 70.5, 
35.0, 34.0, 26.4, 13.0; 
FTIR (neat): 3393, 3067, 2926, 1717, 1602, 1584, 1452, 1278, 1114, 1071, 1027, 859, 
801, 715 cm-1; 
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HRMS (EI) m/z Calcd for C15H22O2 [M+]: 234.1620, found 234.1617. 
The enantiomeric excess and the E/Z selectivity were determined by HPLC analysis 
employing a Daicel Chiracel OD followed by a Daicel Chiracel ODH column (Hexane: i-














 (98% ee, 98% Z) 
Light yellow oil (74 mg, 80%);  
Rf = 0.35 (4:1 hexane/ethyl acetate); 
[α]D25 = – 2.0 o (1.0, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.36 – 7.27 (m, 5H, Ph–H), 5.71 – 5.61 (m, 1H, C=CH), 
5.49 – 5.41 (m, 1H, =CHCH3), 4.52 (s, 2H, PhCH2), 3.66 – 3.63 (m, 1H, HOCH), 3.50 
(d, J = 6.3 Hz, 2H, OCH2), 2.26 – 2.21 (m, 2H, =CCH2), 1.65 (d, J = 6.6 Hz, 3H, 
=CHCH3), 1.57 – 1.44 (m, 4H, two of CH2), 1.31 – 1.25 (m, 2H, one of CH2); 
13C NMR (75.4 MHz, CDCl3) δ 138.6, 128.4, 127.6, 127.5, 127.2, 126.2, 72.9, 71.4, 70.3, 
36.6, 35.0, 29.7, 22.4, 13.0; 
FTIR (neat): 3414, 3026, 2932, 2858, 1720, 1452, 1364, 1101, 1028, 939, 735, 698 cm-1; 
HRMS (EI) m/z Calcd for C16H24O2 [M+]: 248.1776, found 248.1770. 
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The enantiomeric excess and the E/Z selectivity were determined by HPLC analysis 
employing a Daicel Chiracel OD followed by a Daicel Chiracel ODH column (Hexane: i-










 (>99% ee, 84% Z) 
Colorless oil (42 mg, 83%);  
Rf = 0.35 (8:1 hexane/ethyl acetate); 
[α]D25 = – 7.4 o (1.0, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 5.67 – 5.59 (m, 1H, one of C=CH), 5.47 – 5.33 (m, 3H, 
three of C=CH), 3.67 – 3.61 (m, 1H, HOCH), 2.24 (dd, J = 6.6, 6.2 Hz, 2H, 
=CCH2COH), 2.16 – 2.10 (m, 2H, one of =CCH2), 2.06 (m, 2H, one of =CCH2), 1.63 (d, 
J = 6.6 Hz, 3H, =CHCH3), 1.52 (m, 2H, CH2CH3), 0.96 (t, J = 7.5 Hz, 3H, CH3); 
13C NMR (75.4 MHz, CDCl3) δ 132.3, 128.6, 127.2, 126.1, 71.2, 36.7, 35.0, 23.6, 20.5, 
14.3, 13.0; 
FTIR (neat): 3399, 3007, 2963, 2930, 1653, 1449, 1373, 1305, 1163, 968, 866, 706 cm-1; 
HRMS (EI) m/z Calcd for C11H20O [M+]: 168.1517, found 168.1507. 
Product was derivatized with R-(+)-α-trifluoromethyl-α-methoxy-phenylacetic acid 
(Mosher acid) before the enantiomeric excess and the E/Z selectivity were determined by 
HPLC analysis employing a Daicel Chiracel AD column (Hexane: i-propanol 99.5:0.5, 
0.5 mL/min): t1 = 8.00 and t2 = 10.99 min. 
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 (98% ee, 99% Z) 
Light yellow oil (42 mg, 66%);  
Rf = 0.21 (4:1 hexane/ethyl acetate); 
[α]D25 = – 1.3 o (0.65, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 6.95 (dt, J = 15.7, 7.0 Hz, 1H, one of C=CH), 5.82 (dt, , J 
= 15.7, 1.7 Hz, 1H, O=CCH), 5.66 (ddq, J = 10.8, 7.0, 1.4 Hz, 1H, one of C=CH), 5.43 
(dtq, J = 10.8, 7.3, 1.7 Hz, 1H, =CHCH3), 4.18 (q, J = 7.3 Hz, 2H), 3.68 – 3.60 (m, 1H, 
HOCH), 2.24 – 2.20 (m, 4H, two =CCH2), 1.64 (dd, , J = 6.9, 0.7 Hz, 3H, =CHCH3), 
1.53 – 1.45 (m, 4H, two of CH2CH3), 1.28 (t, J = 7.3 Hz, 3H, CH3); 
13C NMR (75.4 MHz, CDCl3) δ 166.8, 149.0, 127.7, 125.9, 121.6, 71.2, 60.2, 36.2, 35.1, 
32.2, 24.3, 14.3, 13.1; 
FTIR (neat): 3431, 2980, 2934, 2863, 1718, 1653, 1446, 1369, 1270, 1189, 1042, 984, 
859, 706 cm-1; 
HRMS (EI) m/z Calcd for C13H22O3 [M+]: 226.1569, found 226.1568. 
Product was derivatized with Mosher acid before the ee and the E/Z selectivity were 
determined by HPLC analysis employing a Daicel Chiracel ODH column (Hexane: i-





5.4 TANDEM ENANTIOSELECTIVE ALLYL-TRANSFER AND OLEFIN RING-
CLOSING METATHESIS 
 
General procedures for tandem allyl transfer/olefin ring-closing metathesis reaction 
from camphor homoallylic alcohol 24a (Table 10) 
To a solution of (1R)-(–)-10-camphorsulfonic acid (7 mg, 0.03 mmol, 0.1 equiv.) and 
aldehyde (0.3 mmol, 1.0 equiv.) in dichloromethane (0.05 mL, 6 M) under nitrogen at 15 
oC was added (1R,2R,4R)-2-allyl-1,7,7-trimethylbicyclo[2.2.1]heptan-2-ol 24a (179 mg, 
0.9 mmol, 3.0 equiv.). The reaction mixture was allowed to stir for 5-6 days. To the 
reaction mixture, diluted with 30 mL dichloromethane (0.01 M), was added Grubbs’ first 
generation catalyst (123 mg, 0.015 mmol, 0.05 equiv.). Subsequently, Grubbs’ first 
generation catalyst (123 mg, 0.015 mmol, 0.05 equiv.) was added thrice at 30 minutes 
time intervals, and the reaction mixture was allowed to stir for another six hours. Upon 
completion, the reaction mixture was filtered through filter agent Celite ® 521 packed in 
sinstered glass funnel and concentrated in vacuo. The crude product was purified via 


















Faint yellowish oil (24 mg, 80%);  
Rf = 0.39 (2:1 hexane/ethyl acetate); 
[α]D25 = – 6.7 o (0.02, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 5.69 – 5.65 (m, 1H, one of C=CH), 5.61 – 5.55 (m, 1H, 
one of C=CH), 3.97 – 3.95 (m, 1H, HOCH), 2.42 – 2.20 (m, 2H, HOCCH2C=), 2.23 – 
2.06 (m, 2H, =CCH2), 1.83 – 1.69 (m, 2H, CH2);  
13C NMR (75.4 MHz, CDCl3): δ 138.9, 114.4, 67.4, 45.6, 41.2, 35.6;   
FTIR (neat): 3350, 1601, 1231. 1187, 966, 762 cm–1;  
HRMS (ESI) m/z Calcd for C6H10O [M+]: 98.0732. Found: 98.0716;  
The product was derivatized with 2,4-dinitrobenzolic chloride before the enantiometric 
excess was determined by HPLC analysis employing a Daicel Chiracel ODH column 
(Hexane: i-propanol 99:1, 0.3 mL/min): t1 = 36.68 min and t2 = 41.90 min. It has been 
















Faint yellowish oil (6 mg, 16%);  
Rf = 0.41 (4:1 hexane/ethyl acetate); 
                                                 
149 Lee C. H. A.; Loh, T. P. Tetrahedron Lett. 2004, 45, 5819. 
Experimental Section 
161 
[α]D25 = – 7.6 o (0.03, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 5.61 – 5.50 (m, 2H, both of C=CH), 3.54 – 3.50 (m, 1H, 
HOCH), 2.40 – 2.00 (m, 2H, HOCCH2C=), 2.07 – 1.85 (m, 2H), 0.93 (d, J = 7.3 Hz, 
6H);  
13C NMR (75.4 MHz, CDCl3): δ 126.1, 123.3, 74.0, 37.5, 33.7, 31.8, 26.3, 22.1;   
FTIR (neat): 3353, 1599, 1228, 1186, 958, 862, 759 cm–1;  
HRMS (ESI) m/z Calcd for C8H14O [M+]: 126.1045. Found: 126.1041;  
The product was derivatized with 2,4-dinitrobenzolic chloride before the enantiometric 
excess was determined by HPLC analysis employing a Daicel Chiracel OJ column 
















(90% ee, 96% de) 
One isomer is isolated as determined from NOE analysis;  
Faint yellowish oil (20 mg, 33%);  
Rf = 0.31 (3:1 hexane/ethyl acetate); 
[α]D25 = + 18.0 o (0.02, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.36 – 7.27 (m, 5H, Ph–H), 5.87 – 5.78 (m, 2H, both of 
C=CH), 4.62 – 4.55 (m, 2H, PhCH2), 4.22 – 4.16 (m, 1H, HOCH), 4.12 – 4.11 (m, 1H, 
OCH), 2.50 – 2.11 (m, 2H, =CCH2), 2.10 – 1.73 (m, 2H, HOCCH2);  
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13C NMR (75.4 MHz, CDCl3): δ 138.7, 128.4, 128.1, 127.8, 127.6, 126.8, 71.9, 70.5, 
65.3, 36.7, 34.7;   
FTIR (neat): 3360, 1650, 1598, 1475, 1223, 1102, 968, 721 cm–1;  
HRMS (EI) m/z Calcd for C13H1603 [M+]: 204.1150. Found: 204.1141;  
The enantiomeric excess was determined by HPLC analysis employing two Daicel 
Chiracel ODH column (Hexane: i-propanol 99:1, 0.3 mL/min): t1 = 46.29 min, t2 = 50.09 
















(80% ee, 16% de) 
2 isomers are isolated as determined from 13C NMR;  
Faint yellowish oil (24 mg, 46%);  
Rf = 0.40 (3:1 hexane/ethyl acetate); 
[α]D25 = – 9.0 o (0.11, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.34 – 7.19 (m, 5H, Ph–H), 5.82 – 5.64 (m, 2H, both of 
C=CH), 4.13 – 4.01 (m, 1H, HOCH), 3.66 – 3.54 (m, 1H, PhCH), 2.51 – 2.20 (m, 2H, 
=CCH2), 2.17 – 2.01 (m, 2H, HOCCH2);  
13C NMR (75.4 MHz, CDCl3): (Major isomer) δ 130.6, 128.6, 127.9, 126.4, 125.2, 68.1, 




FTIR (neat): 3357, 1486, 1386, 1218, 1013, 921, 776 cm–1;  
HRMS (EI) m/z Calcd for C12H14O [M+]: 174.1045. Found: 174.1039;  
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 
OJ column (Hexane: i-propanol 99:1, 1.0 mL/min): t1 = 16.61 min, t2 = 19.54 min, t3 = 














(90% ee, 12% de) 
2 diastereomers are isolated as determined from chiral HPLC analysis;  
Faint yellowish oil (9 mg, 25%);  
Rf = 0.38 (4:1 hexane/ethyl acetate); 
[α]D25 = + 15.7 o (0.13, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 5.92 – 5.84 (m, 1H, one of C=CH), 5.66 – 5.53 (m, 1H, 
one of C=CH), 3.31 – 3.28 (m, 1H, HOCH), 2.41 – 2.35 (m, 2H, HOCCH2), 2.16 – 2.07 
(m, 2H, =CCH2), 1.78 – 1.70 (m, 1H, CHCH3), 1.42 – 1.22 (m, 2H, CH2), 1.05 (d, J = 
6.6 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ 134.3, 126.6, 74.9, 43.4, 35.6, 31.9, 25.9, 19.6;   
FTIR (neat): 3359, 1450, 1368, 1065, 998, 963, 797 cm–1;  
HRMS (ESI) m/z Calcd for C8H16O [M+]: 126.1045. Found: 126.1038;  
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The product was derivatized with 2,4-dinitrobenzolic chloride before the enantiometric 
excess was determined by HPLC analysis employing a Daicel Chiracel ODH column 
(Hexane: i-propanol 95:5, 1.0 mL/min): t1 = 14.95 min, t2 = 16.07 min, t3 = 18.79 min, t4 













(90% ee, 8% de) 
2 diastereomers are isolated as determined from 13C NMR and chiral HPLC;  
Faint yellowish oil (12 mg, 28%);  
Rf = 0.40 (4:1 hexane/ethyl acetate); 
[α]D25 = + 9.3 o (0.13, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 5.63 – 5.53 (m, 1H, one of C=CH), 5.11 – 5.07 (m, 1H, 
one of C=CH), 3.72 – 3.70 (m, 1H, HOCH), 2.31 – 1.98 (m, 2H, HOCCH2), 1.72 – 1.65 
(m, 1H, CHCH3), 1.59 – 1.06 (m, 6H, three of CH2), 0.93 (d, J = 6.8 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): (1st isomer) δ 131.2, 124.8, 68.6, 44.5, 41.6, 41.0, 37.9, 
29.4, 20.2; (2nd isomer) δ 131.2, 124.8, 68.6, 44.3, 41.6, 40.9, 36.8, 29.0, 19.2; 
FTIR (neat): 3360, 1966, 1452, 1370, 1026, 874 cm–1;  
HRMS (EI) m/z Calcd for C9H16O [M+]: 140.1201. Found: 140.1199;  
The product was derivatized with 2,4-dinitrobenzolic chloride before the enantiometric 
excess was determined by HPLC analysis employing a Daicel Chiracel ODH column 
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(Hexane: i-propanol 99:1, 0.3 mL/min): t1 = 46.13 min, t2 = 47.72 min, t3 = 49.23 min 















Faint yellowish oil (16 mg, 42%);  
Rf = 0.41 (4:1 hexane/ethyl acetate); 
[α]D25 = – 8.4 o (0.09, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 5.77 – 5.60 (m, 2H, both of C=CH), 3.81 (brm, 1H, 
HOCH), 2.38 – 2.34 (m, 2H, HOCCH2), 2.29 – 2.05 (m, 2H, =CCH2), 1.72 – 1.63 (m, 
2H, HOCCH2), 1.52 – 1.32 (m, 4H, two of CH2);  
13C NMR (75.4 MHz, CDCl3): δ 132.4, 126.1, 72.2, 35.1, 34.0, 29.7, 28.3, 21.3;   
FTIR (neat):  3358, 1961, 1450, 1377, 1067, 1029, 973, 841 cm–1;  
HRMS (EI) m/z Calcd for C8H14O [M+]: 126.1045. Found: 126.1044;  
The product was derivatized with 2,4-dinitrobenzolic chloride before the enantiometric 
excess was determined by HPLC analysis employing a Daicel Chiracel ADH column 
(Hexane: i-propanol 99:1, 1.0 mL/min): t1 = 17.90 min and t2 = 18.46 min. 
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5.5 TANDEM ENANTIOSELECTIVE ALLYL-TRANSFER AND OLEFIN CROSS 
METATHESIS 
 
General procedures for tandem allyl transfer/olefin cross metathesis reaction from 
camphor homoallylic alcohol 24b (Table 11 and 12) 
To a solution of (1R)-(–)-10-camphorsulfonic acid (7 mg, 0.03 mmol, 0.1 equiv.) and 
aldehyde (0.3 mmol, 1.0 equiv.) in dichloromethane (0.05 mL, 6 M) under nitrogen at 25 
oC was added 2-(but-3-en-2-yl)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-ol 24b (187 mg, 
0.9 mmol, 3.0 equiv.). The reaction mixture was allowed to stir for 5-6 days. The reaction 
mixture, diluted with 0.5 mL dichloromethane (0.5 M), was added the olefinic compound 
(0.9 mmol, 3.0 equiv.) and Grubbs’ second generation catalyst (127 mg, 0.015 mmol, 
0.05 equiv.). Subsequently, Grubbs’ second generation catalyst (127 mg, 0.015 mmol, 
0.05 equiv.) was added thrice at 30 minutes time intervals, and the reaction mixture was 
allowed to stir for another two hours. Upon completion, the reaction mixture was filtered 
through filter agent Celite ® 521 packed in sinstered glass funnel and concentrated in 
vacuo. The crude product was purified via column chromatography using mix solvent of 














O 1) CSA, CH2Cl2








Faint yellowish oil (38 mg, 54%);  
Rf = 0.40 (2:1 hexane/ethyl acetate); 
[α]D25 = – 10.8 o (0.39, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.31 – 7.16 (m, 5H, Ph–H), 6.97 (ddd, J = 15.7, 8.0, 7.7 
Hz , 1H, C=CH), 5.90 (dt, J = 15.7, 1.4 Hz, 1H, O=CCH), 3.84 – 3.76 (brm, 1H, 
HOCH), 3.72 (s, 3H, OCH3), 2.85-2.63 (m, 2H, =CCH2), 2.40 (t, J = 7.0 Hz, 2H, 
PhCH2), 1.84 – 1.77 (m, 2H, PhCH2CH2);  
13C NMR (75.4 MHz, CDCl3): δ 166.7, 145.1, 141.6, 128.5, 128.4, 126.0, 123.7, 69.9, 
51.5, 40.3, 38.7, 32.0;   
FTIR (neat): 3434, 3027, 2945, 2851, 1721, 1655, 1437, 1325, 1276, 1174, 1045, 980, 
748, 701 cm–1;  
HRMS (EI) m/z Calcd for C14H18O3 [M+]: 234.1256. Found: 234.1256;  
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 
ODH column (Hexane: i-propanol 95:5, 1.0 mL/min): t1 = 18.31 min and t2 = 23.21 min. 











O 1) CSA, CH2Cl2








Faint yellowish oil (31 mg, 51%);  
Rf = 0.33 (2:1 hexane/ethyl acetate); 
[α]D25 = – 5.0 o (0.27, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 9.52 (d, J = 7.7 Hz, 1H), 7.32 – 7.18 (m, 5H, Ph–H), 6.90 
(dt, J = 15.7, 7.8 Hz, 1H), 6.18 (ddt, J = 15.7, 8.0, 1.4 Hz, 1H), 3.89 – 3.80 (brm, 1H, 
HOCH), 2.86 – 2.66 (m, 2H, =CCH2), 2.51 – 2.44 (m, 2H, PhCH2), 1.88 – 1.80 (m, 2H, 
PhCH2CH2);  
13C NMR (75.4 MHz, CDCl3): δ 193.8, 154.4, 141.3, 135.0, 128.6, 128.4, 126.1, 69.8, 
40.6, 38.9, 31.9;  
FTIR (neat): 3430, 3027, 2929, 2861, 2741, 1687, 1495, 1454, 1136, 1049, 976, 748, 701 
cm–1;  
HRMS (EI) m/z Calcd for C13H1602 [M+]: 204.1150. Found: 204.1145;  
The product was derivatized with R-(+)-α-trifluoromethyl-α-methoxy-phenylacetic acid 
(Mosher acid) before the enantiomeric excess was found to be 94% by 500 MHz 1H 










O 1) CSA, CH2Cl2








Faint yellowish oil (20 mg, 30%);  
Rf = 0.35 (2:1 hexane/ethyl acetate); 
[α]D25 = + 23.0 o (0.44, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 9.42 (s, 1H, O=CH), 7.33-7.18 (m, 5H, Ph–H), 6.60 (t, J 
= 7.3 Hz, 1H, C=CH), 3.90 – 3.82 (brm, 1H, HOCH), 2.88 – 2.66 (m, 2H, =CCH2), 2.55 
(t, J = 6.6 Hz, 2H, PhCH2), 1.89 – 1.82 (m, 2H, PhCH2CH2), 1.76 (s, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ 195.0, 149.9, 141.3, 141.1, 128.5, 128.4, 126.1, 70.2, 
38.9, 37.0, 32.0, 31.7;  
FTIR (neat): 3433, 3027, 2927, 2860, 2716, 1680, 1644, 1495, 1454, 1052, 905, 744, 701 
cm–1;  
HRMS (EI) m/z Calcd for C14H1802 [M+]: 218.1307. Found: 218.1301;  
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 








Characterization of tandem products in Table 12 














Faint yellowish oil (44 mg, 60%);  
Rf = 0.35 (4:1 hexane/ethyl acetate); 
[α]D25 = + 15.6  o (0.53, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 6.99 (ddd, J = 15.7, 8.0, 7.7 Hz, 1H, C=CH), 5.97 (dt, J = 
15.7, 1.4 Hz, 1H, O=CCH), 3.80 – 3.71 (brm, 1H, HOCH), 3.73 (s, 3H, OCH3), 2.46 – 
2.27 (m, 2H, =CCH2), 1.49 – 1.45 (m, 2H, HOCCH2), 1.27 (m, 12H, six of CH2), 0.88 (t, 
J = 7.0 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ  166.8, 145.5, 123.5, 70.6, 51.5, 50.2, 37.2, 31.9, 29.6 
(overlap), 29.3, 25.6, 22.7, 14.1;  
FTIR (neat): 3437, 2927, 2856, 1724, 1657, 1437, 1325, 1272, 1211, 1169, 1042, 983, 
721 cm–1;  
HRMS (ESI) m/z Calcd for C14H2603 [M+]: 242.1882. Found [M+Na]: 265.1792;  
The product was derivatized with R-(+)-α-trifluoromethyl-α-methoxy-phenylacetic acid 
(Mosher acid) before the enantiomeric excess was found to be 94 % by 500 MHz 1H 




















Faint yellowish oil (25 mg, 40%);  
Rf = 0.33 (4:1 hexane/ethyl acetate); 
[α]D25 = + 15.6  o (0.25, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.01 (ddd, J = 15.7, 7.7, 7.3 Hz, 1H, C=CH), 5.91 (dt, J = 
15.7, 1.3 Hz, 1H, O=CCH), 3.73 (s, 3H, OCH3), 3.53 – 3.47 (brm, 1H, HOCH), 2.47 – 
2.26 (m, 2H, =CCH2), 1.84 – 0.89 (m, 11H, Cy–H);  
13C NMR (75.4 MHz, CDCl3): δ  166.8, 146.3, 123.2, 74.8, 51.5, 43.3, 37.2, 29.1, 27.9, 
26.4, 26.2, 26.0;  
FTIR (neat): 3438, 2927, 2853, 1721, 1657, 1437, 1325, 1272, 1167, 1038, 977, 721 cm–
1;  
HRMS (EI) m/z Calcd for C12H20O [M+]: 242.1882. Found: 212.1418;  
The product was derivatized with 2,4-dinitrobenzolic chloride before the enantiometric 
excess was determined by HPLC analysis employing two Daicel Chiracel OB column 






















Faint yellowish oil (40 mg, 51%);  
Rf = 0.41 (2:1 hexane/ethyl acetate); 
[α]D25 = – 5.7 o (0.61, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.38 – 7.27 (m, 5H, Ph–H), 6.99 (ddd, J = 15.7, 8.4, 7.3 
Hz, 1H, C=CH), 5.89 (dt, J = 15.7, 1.4 Hz, 1H, O=CCH), 4.52 (s, 2H, PhCH2), 4.02 – 
3.94 (brm, 1H, HOCH), 3.79 – 3.61 (t, J = 6.2 Hz, 2H, OCH2), 3.22 (s, 3H, OCH3), 2.42 
– 2.35 (m, 2H, =CCH2), 1.81 – 1.71 (m, 2H, CH2);  
13C NMR (75.4 MHz, CDCl3): δ 166.8, 145.5, 137.7, 128.5, 127.9, 123.3, 73.4, 70.3, 
68.9, 51.4, 40.1, 36.0;  
FTIR (neat): 3468, 3031, 2949, 2857, 1721, 1658, 1437, 1275, 1207, 1168, 1098, 1036, 
982, 740, 699 cm–1;  
HRMS (EI) m/z Calcd for C15H2004 [M+]: 264.1362. Found: 264.1361;  
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 























Faint yellowish oil (43 mg, 52%);  
Rf = 0.31 (2:1 hexane/ethyl acetate);  
[α]D25 = – 10.7 o (0.56, CH2Cl2);  
1H NMR (300 MHz, CDCl3): δ 7.39 – 7.24 (m, 5H, Ph–H), 6.99 (ddd, J = 15.7, 8.0, 7.3 
Hz, 1H, C=CH), 5.90 (dt, J = 15.7, 1.4 Hz, 1H, O=CCH), 4.52 (s, 2H, PhCH2), 3.80 – 
3.66 (brm, 1H, HOCH), 3.73 (s, 3H, OCH3), 3.53 – 3.50 (t, J = 5.2 Hz, 2H, OCH2), 2.40 
– 2.35 (m, 2H, =CCH2), 1.79 – 1.68 (m, 2H, HOCCH2), 1.53 – 1.41 (m, 2H, CH2);  
13C NMR (75.4 MHz, CDCl3): δ 166.8, 145.5, 138.0, 128.5, 127.8 (2C), 123.3, 73.2, 
70.4, 70.3, 51.5, 40.2, 34.7, 26.3;  
FTIR (neat): 3437, 3031, 2928, 2856, 1721, 1657, 1438, 1276, 1166, 1100, 1028, 984, 
739, 699 cm–1;  
HRMS (EI) m/z Calcd for C16H2204 [M+]: 278.1518. Found: 278.1504;  
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 
























Faint yellowish oil (44 mg, 50%);  
Rf = 0.43 (2:1 hexane/ethyl acetate); 
[α]D25 = – 25.8 o (0.78, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.34 – 7.24 (m, 5H, Ph–H), 6.98 (ddd, J = 15.7, 8.0, 7.7 
Hz, 1H, C=CH), 5.90 (dt, J = 15.7, 1.4 Hz, 1H, O=CCH), 4.50 (s, 2H, PhCH2), 3.80 – 
3.66 (brm, 1H, HOCH), 3.73 (s, 3H, OCH3), 3.48 (t, J = 6.6 Hz, 2H, OCH2), 2.44 – 2.27 
(m, 2H, =CCH2), 1.76 – 1.41 (m, 4H, two of CH2), 1.51 – 1.46 (m, 2H, one of CH2);  
13C NMR (75.4 MHz, CDCl3): δ 166.8, 145.5, 138.5, 128.4, 127.7, 127.6, 123.5, 73.0, 
70.4, 70.2, 51.5, 40.2, 36.8, 29.5, 22.3;  
FTIR (neat): 3437, 3030, 2939, 2861, 1721, 1657, 1437, 1323, 1275, 1103, 1036, 984, 
738, 699 cm–1;  
HRMS (EI) m/z Calcd for C17H2404 [M+]: 292.1675. Found: 292.1673;  
The enantiomeric excess was determined by HPLC analysis employing Daicel Chiracel 






















Faint yellowish oil (37 mg, 46%);  
Rf = 0.34 (2:1 hexane/ethyl acetate); 
[α]D25 = – 43.4 o (0.48, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.02 – 6.89 (m, 2H, two of C=CH), 5.95-5.79 (m, 2H, 
two of O=CCH), 4.18 (q, J = 7.3 Hz, 2H, OCH2), 3.81 – 3.72 (brm, 1H, HOCH), 3.74 (s, 
3H, OCH3) 2.46 – 2.30 (m, 2H, =CCH2COH), 2.27 – 2.20 (m, 2H, =CCH2), 1.69 – 1.46 
(m, 4H, two of CH2), 1.29 (t, J = 7.3 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ 167.5, 166.3, 148.5, 145.0, 123.8, 121.8, 70.3, 60.2, 
51.5, 40.3, 36.5, 32.0, 24.1, 14.3;  
FTIR (neat): 3493, 2932, 2859, 1721, 1655, 1438, 1272, 119, 1041, 982, 859, 714 cm–1;  
HRMS (ESI) m/z Calcd for C14H2205 [M+]: 270.1467. Found [M+H]: 271.1545;  
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 








Characterization of product in Scheme 50 
45k: (R,E)-methyl 5-hydroxyhex-2-enoate 
O H
1) CSA, CH2Cl2











Faint yellowish oil (20 mg, 63%);  
Rf = 0.31 (2:1 hexane/ethyl acetate); 
[α]D25 (S enantiomer) = + 11.7 o (0.08, CH2Cl2); (R enantiomer) = – 35.4 o (0.12, 
CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 6.98 (dt, J = 15.3, 7.0 Hz , 1H), 5.92 (dd, J = 15.7, 1.2 
Hz, 2H), 4.01 – 3.92 (brm, 1H), 3.73 (s, 3H), 2.40 – 2.35 (m, 2H), 1.24 (d, J = 5.6 Hz,  
2H);  
13C NMR (75.4 MHz, CDCl3): δ 166.8, 145.3, 123.6, 66.8, 51.5, 41.8, 23.3;  
FTIR (neat): 3429, 2967, 1721, 1657, 1438, 1327, 1275, 1173, 1040, 982, 941, 822, 707 
cm–1;  
HRMS (ESI) m/z Calcd for C7H1203 [M+]: 144.0786. Found [M+H]: 144.0780;  
The product was derivatized with R-(+)-α-trifluoromethyl-α-methoxy-phenylacetic acid 
(Mosher acid) before the enantiomeric excess was found to be 92 % by 500 MHz 1H 




5.6 ENANTIOSELECTIVE SYNTHESIS OF SYN-2,6-DISUBSTITUTED-4-HALO 
TETRAHYDROPYRANS VIA PRINS CYCLIZATION 
 
General procedures for Prins cyclization reaction using racemic/ optically active 51a 
(Table 13 and 15) 
To a solution of indium trichloride (133 mg, 0.60 mmol, 1.2 equiv.) and aldehyde (0.5 
mmol, 1.0 equiv.) in dichloromethane (1.5 mL, 0.3 M) under nitrogen at room 
temperature was added 1-cyclohexylbut-3-en-1-ol 51a (95 mg, 0.55 mmol, 1.1 equiv.). 
The reaction mixture was allowed to stir for 4-20 h. Upon completion, reaction mixture 
was concentrated in vacuo. The crude product was purified via column chromatography 

















Colorless oil (96 mg, 59%);  
Rf = 0.80 (4:1 hexane/ethyl acetate); 
[α]D25 = – 26.1 o (0.72, CH2Cl2);  
1H NMR (500 MHz, CDCl3): δ 7.46 – 7.12 (m, 4H, Ar–H), 4.48 (dd, J = 11.8, 1.7 Hz , 
1H, Ar–CH), 4.18 (tt, J = 11.8, 5.2 Hz, 1H, ClCH), 3.28 (ddd, J = 11.8, 5.2, 1.7 Hz, 1H, 
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Cy–CH), 2.40 – 2.23 (m, 2H, one of CH2), 2.33 (s, 3H, CH3), 2.26 – 2.23 (m, 1H, Cy-H), 
1.97 – 0.99 (m, 12H, six of CH2);  
13C NMR (75.4 MHz, CDCl3): δ 139.5, 134.8, 130.3, 127.5, 126.2, 125.6, 81.5, 75.7, 
56.9, 42.9, 42.8, 39.3, 29.0, 28.7, 26.6, 26.2, 26.1, 29.0;   
FTIR (neat): 3027, 2931, 2853, 1606, 1491, 1450, 1069, 748, 569 cm–1;  
HRMS (EI) m/z Calcd for C18H15OCl [M+]: 292.1594. Found: 292.1591;  
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 
OJ column (Hexane: i-propanol 99:1, 0.5 mL/min): t1 = 7.69 min and t2 = 9.01 min. The 
absolute stereochemistry of the crossed Prins product was established based on the 
















Colorless oil (115 mg, 71%);  
Rf = 0.72 (4:1 hexane/ethyl acetate); 
[α]D25 = + 60.5 o (0.89, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.94 – 7.40 (m, 4H, Ar–H), 4.93 (dd, J = 11.1, 1.7 Hz, 
1H, Ar–CH), 4.21 (tt, J = 11.5, 4.5 Hz, 1H, ClCH), 3.28 (ddd, J = 11.5, 5.8, 1.7 Hz, 1H, 
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Cy–CH), 2.65 – 2.21 (m, 2H, one of CH2), 1.87 – 1.83 (m, 1H, Cy-H), 1.77, 0.97 (m, 
12H, six of CH2);  
13C NMR (75.4 MHz, CDCl3): δ 147.5, 137.1, 133.5, 128.2, 128.1, 124.4, 81.4, 74.1, 
56.0, 43.6, 42.9, 39.2, 28.7 (2C overlap), 26.5, 26.2, 26.1;  
FTIR (neat): 2920, 2852, 1611, 1541, 1523, 1445, 1341, 1070, 861, 787, 744 cm–1;  
HRMS (EI) m/z Calcd for C17H22NO3Cl [M+]: 324.1366. Found: 324.1362;  
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 
















Colorless oil (88 mg, 60%);  
Rf = 0.30 (4:1 hexane/ethyl acetate); 
[α]D25 = – 32.2 o (0.87, CH2Cl2);  
1H NMR (300 MHz, CDCl3): δ 7.22 – 6.71 (m, 4H, Ar–H); 4.88 (brs, 1H, OH), 4.31 (dd, 
J = 11.2, 1.4 Hz, 1H, Ar–CH), 4.15 (tt, J = 11.8, 4.5 Hz, 1H, ClCH), 3.24 (ddd, J = 11.5, 
5.9, 1.4 Hz, 1H, Cy–CH), 2.40 – 2.17 (m, 2H, one of CH2), 1.94 – 1.90 (m, 1H, Cy-H), 
1.80 – 1.03 (m, 12H, six of CH2);  
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13C NMR (75.4 MHz, CDCl3): δ 155.6, 143.7, 130.0, 118.1, 114.4, 112.7, 81.2, 76.6, 
56.6, 44.4, 42.8, 39.1, 29.0, 28.6, 26.5, 26.2, 26.1;  
FTIR (neat): 2923, 2851, 1592, 1452, 1309, 1069, 909, 785, 737, 697 cm–1;  
HRMS (EI) m/z Calcd for C17H23O2Cl [M+]: 294.1387. Found: 294.1362;  
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 















Colorless oil (112 mg, 69%);  
Rf = 0.65 (6:1 hexane/ethyl acetate); 
[α]D25 = – 50.5 o (0.62, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 8.23 – 8.18 (m, 2H, two of CNO2CH), 7.53 – 7.50 (m, 
2H, two of aromatic CCH), 4.46 (dd, J = 11.1, 1.7 Hz, 1H, Ar–CH), 4.17 (tt, J = 11.8, 4.5 
Hz, 1H, ClCH), 3.28 (ddd, J = 11.1, 5.9, 1.7 Hz, 1H, Cy–CH), 2.45 – 2.21 (m, 2H, one of 
CH2); 1.95 – 1.90 (m, 1H, Cy-H), 1.77 – 0.99 (m, 12H, six of CH2);  
13C NMR (75.4 MHz, CDCl3): δ 149.0, 126.4, 123.7, 123.6, 81.4, 76.6, 56.0, 44.3, 42.8, 
39.0, 28.8, 28.7, 26.5, 26.2, 26.1;  
FTIR (neat): 2922, 2858, 1610, 1541, 1456, 1366, 1078, 889, 787, 724 cm–1;  
HRMS (ESI) m/z Calcd for C17H22NO3Cl [M+]: 323.1288. Found: 323.1284;  
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The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 













Colorless oil (97 mg, 62%);  
Rf = 0.65 (6:1 hexane/ethyl acetate); 
1H NMR (300 MHz, CDCl3): δ 7.33 – 7.27 (m, 4H, Ar–H), 4.32 (dd, J = 11.5, 1.7 Hz, 
1H, Ar–CH), 4.15 (tt, J = 11.5, 4.5 Hz, 1H, ClCH), 3.24 (ddd, J = 11.5, 5.9, 1.7 Hz, 1H, 
Cy–CH), 2.40 – 2.17 (m, 2H, one of CH2); 1.94 – 1.90 (m, 1H, Cy-H), 1.78 – 0.96 (m, 
12H, six of CH2);  
13C NMR (75.4 MHz, CDCl3): δ 140.4, 133.2, 128.5, 127.1, 81.3, 77.6, 56.3, 44.5, 42.8, 
39.1, 28.9, 28.7, 26.5, 26.2, 26.1;  
FTIR (neat): 2921, 2856, 1609, 1541, 1078, 890, 787, 724 cm-1;  





















White solid (74 mg, 48%);  
Rf = 0.69 (8:1 hexane/ethyl acetate); 
1H NMR (500 MHz, CDCl3): δ 7.28 – 7.24 (m, 2H, two of aromatic CCH), 6.89 – 6.86 
(m, 2H, two of C(OMe)CH), 4.29 (dd, J = 11.1, 1.9 Hz, 1H, Ar–CH), 4.15 (tt, J = 11.6, 
4.7 Hz, 1H, ClCH), 3.80 (s, 3H, CH3), 3.24 (ddd, J = 11.6, 5.1, 1.9 Hz, 1H, Cy–CH), 
2.38 – 2.18 (m, 2H, one of CH2); 1.93 – 1.90 (m, 1H, Cy-H), 1.80 – 1.03 (m, 12H, six of 
CH2);  
13C NMR (125 MHz, CDCl3): δ 159.0, 134.1, 127.0, 113.8, 81.3, 78.0, 56.8, 55.3, 44.5, 
42.8, 39.2, 29.0, 28.7, 26.6, 26.2 (2C overlap);  
FTIR (nujol): 1611, 1512, 1250, 1031, 828 cm-1;  












Colorless oil (107 mg, 77%);  
Rf = 0.77 (4:1 hexane/ethyl acetate); 
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1H NMR (300 MHz, CDCl3): δ 7.36 – 7.32 (m, 4H, four of Ph–H), 7.29 – 7.26 (m, 1H, 
one of Ph–H), 4.35 (dd, J = 11.6, 1.9 Hz, 1H, Ph–CH), 4.17 (tt, J = 11.6, 4.6 Hz, 1H, 
ClCH), 3.26 (ddd, J = 11.6, 6.0, 1.9 Hz, 1H, Cy–CH), 2.42 – 2.20 (m, 2H, one of CH2); 
1.95 – 1.91 (m, 1H, Cy-H), 1.81 – 1.02 (m, 12H, six of CH2);  
13C NMR (75.4 MHz, CDCl3): δ 141.9, 128.4, 127.5, 125.7, 81.3, 78.3, 56.7, 44.6, 42.8, 
39.2, 29.0, 28.7, 26.6, 26.2, 26.1;  
FTIR (neat): 3063, 3031, 1495, 1229, 1301, 1067, 756, 698 cm-1;  














Colorless oil (86 mg, 52%);  
Rf = 0.65 (8:1 hexane/ethyl acetate); 
[α]D25 = – 32.0 o (1.02, CH2Cl2);  
1H NMR (300 MHz, CDCl3): δ 8.01 – 7.45 (m, 7H, Nap–H), 5.03 (dd, J = 11.2, 1.4 Hz, 
1H, Nap–CH), 4.30 (tt, J = 11.5, 4.5 Hz, 1H, ClCH), 3.43 (ddd, J = 11.2, 5.9, 1.4 Hz, 1H, 
Cy–CH), 2.61 – 2.29 (m, 2H, one of CH2), 2.09 – 1.04 (m, 13H, one Cy–H and six of 
CH2);  
13C NMR (75.4 MHz, CDCl3): δ 137.0, 133.8, 130.5, 128.9, 128.3, 126.0, 125.5, 123.4, 
123.2, 81.7, 75.6, 56.9, 43.2, 42.9, 39.4, 29.0, 28.8, 26.5, 26.2, 26.1;  
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FTIR (neat): 3101, 2945, 2866, 1599, 1510, 1422, 1123, 1056, 866, 747 cm–1;  
HRMS (EI) m/z Calcd for C21H25OCl [M+]: 328.1594. Found: 328.1591;  
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 














Colorless oil (88 mg, 53%);  
Rf = 0.70 (6:1 hexane/ethyl acetate); 
[α]D25 = – 26.9 o (0.57, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.86 – 7.80 (m, 4H, four of Nap–H), 7.50 – 7.44 (m, 3H, 
three of Nap–H), 4.52 (dd, J = 11.2, 1.7 Hz, 1H, Nap–CH), 4.22 (tt, J = 11.5, 4.5 Hz, 1H, 
ClCH), 3.31 (ddd, J = 11.1, 5.9, 1.7 Hz, 1H, Cy–CH), 2.52 – 2.23 (m, 2H, one of CH2), 
1.96 – 1.92 (m, 1H, Cy-H), 1.89 – 0.96 (m, 12H, six of CH2);  
13C NMR (75.4 MHz, CDCl3): δ 139.2, 133.3, 132.9, 128.1, 128.0, 127.7, 126.1, 125.8, 
124.3, 124.1, 81.4, 78.4, 56.7, 44.4, 42.3, 39.2, 29.0, 28.7, 26.6, 26.2 (2C overlap);  
FTIR (neat): 3058, 2925, 2855, 1603, 1508, 1449, 1069, 855, 747 cm–1;  
HRMS (EI) m/z Calcd for C21H25OCl  [M+]: 328.1594. Found: 328.1587;  
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The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 















Colorless oil (74 mg, 44%);  
Rf = 0.67 (8:1 hexane/ethyl acetate); 
[α]D25 = – 26.8 o (0.17, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.37 – 7.26 (m, 5H, Ph–H), 4.50 (s, 2H, PhCH2), 4.00 (tt, 
J = 11.5, 4.5 Hz, 1H, ClCH), 3.66 – 3.51 (t, J = 6.4 Hz, 2H, OCH2), 3.48 – 3.41 (m, 1H, 
OCH), 2.98 (ddd, J = 11.5, 5.9, 1.7 Hz, 1H, Cy–CH), 2.18 – 2.08 (m, 2H, one of CH2), 
1.91 – 1.87 (m, 1H, Cy-H), 1.81 – 0.85 (m, 14H, seven of CH2);  
13C NMR (75.4 MHz, CDCl3): δ 138.6, 128.4, 127.7, 127.6, 81.0, 73.5, 73.1, 66.5, 56.7, 
42.9, 42.8, 39.8, 39.2, 29.1, 28.8, 28.6, 26.2, 26.0;  
FTIR (neat): 3055, 2924, 1600, 1507, 1449, 1078, 855, 747 cm–1;  
HRMS (EI) m/z Calcd for C20H29O2Cl  [M+]: 336.1856. Found: 336.1864;  
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 





















Colorless oil (67 mg, 38%);  
Rf = 0.73 (4:1 hexane/ethyl acetate); 
[α]D25 =  – 21.2 o (0.29, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.36 – 7.27 (m, 5H, Ph–H), 4.50 (s, 2H, PhCH2), 3.98 (tt, 
J = 11.5, 4.5 Hz, 1H, ClCH), 3.51 – 3.44 (m, 2H, OCH2), 3.26 – 3.17 (m, 1H, OCH), 
2.95 (ddd, J = 11.5, 4.2, 1.7 Hz, 1H, Cy–CH), 2.17 – 2.06 (m, 2H, one of CH2), 1.96 – 
1.91 (m, 1H, Cy-H), 1.85 – 0.83 (m, 16H, eight of CH2);  
13C NMR (75.4 MHz, CDCl3): δ 138.6, 128.4, 127.7, 127.5, 81.1, 76.4, 72.9, 70.2, 56.8, 
42.9, 42.8, 39.8, 32.5, 29.1, 28.8, 26.6, 26.1, 26.0, 25.9;  
FTIR (neat): 3055, 2925, 2851, 1601, 1070, 855, 787 cm–1;  
HRMS (EI) m/z Calcd for C21H31O2Cl  [M+]: 350.2013. Found: 350.2027;  
The enantiomeric excess was determined by HPLC analysis employing two Daicel 


















Colorless oil (122 mg, 67%);  
Rf = 0.65 (6:1 hexane/ethyl acetate) 
1H NMR (300 MHz, CDCl3): δ 7.36 – 7.26 (m, 5H, Ph–H), 4.50 (s, 2H, PhCH2), 3.99 (tt, 
J = 11.6, 4.5 Hz, 1H, ClCH), 3.47 (t, J = 6.5 Hz, 1H, OCH2), 3.24 (brm, 1H, OCH), 2.99 
– 2.95 (m, 1H, Cy–CH), 2.17 – 2.07 (m, 2H, one of CH2); 1.95 – 1.93 (m, 1H, Cy-H), 
1.74 – 0.92 (m, 10H, five of CH2);  
13C NMR (75.4 MHz, CDCl3): δ 138.7, 128.3, 127.6, 127.5, 81.1, 76.5, 72.9, 70.3, 56.9, 
42.9, 42.8, 39.8, 35.7, 29.6, 29.1, 28.8, 26.6, 26.1, 26.0, 22.2;  
FTIR (neat): 2927, 2853, 1451, 1362, 1099, 735, 698 cm-1;  

















2 isomers observed from 13C NMR;  
White solid (155 mg, 62%);  
Rf = 0.62 (2:1 hexane/ethyl acetate); 
1H NMR (500 MHz, CDCl3): (2 isomers) δ 5.71 (s, 1H, Cyclic =CH), 4.03 – 3.93 (m, 
1H, ClCH), 3.26 – 3.22 (m, 1H, Cy–CH), 3.08 – 2.88 (m, 1H, OCH), 0.86 (s, 3H, one of 
CH3), 0.72 (s, 3H, one of CH3), 0.68 (s, 3H, one of CH3); 
13C NMR (75.4 MHz, CDCl3): (1st isomers) δ 199.7, 171.7, 123.8, 81.1, 78.3, 57.8, 55.7, 
53.8, 53.4, 52.5, 42.8, 42.2, 40.3, 39.9, 39.6, 39.4, 38.6, 36.5, 33.9, 32.9, 32.0, 28.9, 28.7, 
27.5, 26.6, 26.2, 26.1, 24.2, 21.1, 17.5, 13.4, 11.9; (2nd isomer) δ 199.7, 171.7, 123.7, 
80.6, 78.2, 57.9, 55.6, 53.4, 52.5, 42.7, 42.2, 40.2, 39.9, 39.6, 39.4, 38.6, 35.9, 35.7, 33.9, 
32.9, 32.0, 28.9, 28.4, 27.5, 26.3, 26.2, 26.1, 24.1, 21.0, 17.4, 13.3, 11.9; 
FTIR (nujol): 2922, 1610, 1078, 787, 724 cm-1;  
HRMS (ESI) m/z Calcd for C32H49O2Cl [M+]: 500.3421. Found: 500.3400; 
 
General procedures for Prins cyclization reaction using optically active 51b (Table 
14) 
To a solution of indium trichloride (133 mg, 0.60 mmol, 1.2 equiv.) and aldehyde (0.5 
mmol, 1.0 equiv.) in dichloromethane (1.5 mL, 0.3 M) under nitrogen at the specific 
temperature was added (S)-1-phenylhex-5-en-3-ol 51b (97 mg, 0.55 mmol, 1.1 equiv.). 
The reaction mixture was allowed to stir for 4-20 h, maintaining at the specific 
temperature. Upon completion, reaction mixture was concentrated in vacuo. The crude 
product was purified via column chromatography using mix solvent of hexane and 


















Colorless oil (120 mg, 76%);  
Rf = 0.70 (6:1 hexane/ethyl acetate); 
[α]D25 = – 41.4 o (0.77, CH2Cl2);  
1H NMR (300 MHz, CDCl3): δ 7.49 – 7.46 (m, 1H, one of Ar–H), 7.30 – 7.15 (m, 8H, 
Ph–H and Ar–H), 4.51 (dd, J = 11.2, 1.7 Hz, 1H, Ar–CH), 4.16 (tt, J = 11.8, 4.5 Hz, 
ClCH), 3.55 – 3.47 (m, 1H, OCH), 2.87 – 2.66 (m, 2H, one of CH2), 2.36 – 2.20 (m, 2H, 
PhCH2), 2.35 (s, 3H, CH3), 2.02 – 1.71 (m, 4H, two of CH2);  
13C NMR (75.4 MHz, CDCl3): δ  141.8, 139.3, 134.7, 130.4, 128.5, 128.4, 127.6, 126.3, 
125.9, 125.6, 76.1, 75.6, 56.0, 42.6, 42.3, 37.5, 31.6, 19.1;  
FTIR (neat): 3026, 2953, 2927, 1603, 1495, 1454, 1063, 757, 700 cm–1;  
HRMS (EI) m/z Calcd for C20H23OCl [M+]: 314.1437. Found: 314.1435;  
The enantiomeric excess was determined by HPLC analysis employing Daicel Chiracel 





















Colorless oil (118 mg, 68%);  
Rf = 0.69 (4:1 hexane/ethyl acetate); 
[α]D25 = + 48.9 o (0.22, CH2Cl2); 
1H NMR (300 MHz, CDCl3): δ 7.83 – 7.17 (m, 9H, Ar–H and Ph–H), 4.97 (dd, J = 10.8, 
1.4 Hz, 1H, Ar–CH), 4.21 (tt, J = 11.8, 4.5 Hz, 1H, ClCH), 3.57 – 3.48 (m, 1H, OCH), 
2.84 – 2.67 (m, 2H, one of CH2), 2.61 – 2.22 (m, 2H, PhCH2), 2.04 – 1.65 (m, 4H, two of 
CH2);  
13C NMR (75.4 MHz, CDCl3): δ 147.5, 141.7, 136.7, 133.5, 128.4 (2C overlap), 128.3, 
128.1, 125.9, 124.4, 76.2, 74.0, 55.1, 43.3, 42.1, 37.4, 31.4;  
FTIR (neat): 3084, 3026, 2925, 2858, 1603, 1529, 1347, 1059, 860, 745, 698 cm–1;  
HRMS (EI) m/z Calcd for C19H20NO3 [M-Cl]: 311.1521. Found: 311.1516;  
The enantiomeric excess was determined by HPLC analysis employing Daicel Chiracel 




















Colorless oil (93 mg, 59%);  
Rf = 0.48 (4:1 hexane/ethyl acetate); 
[α]D25 = – 43.1 o (0.96, CH2Cl2);  
1H NMR (300 MHz, CDCl3): δ 7.32 – 6.74 (m, 9H, Ar–H and Ph–H), 4.83 (s, 1H), 3.82 
(dd, J = 11.5, 1.7 Hz, 1H, Ar–CH), 4.18 – 4.07 (m, 1H, ClCH), 3.50 – 3.41 (m, 1H, 
OCH), 2.87 – 2.69 (m, 2H, one of CH2), 2.41 – 2.16 (m, 2H, PhCH2), 2.03 – 1.81 (m, 
2H, one of CH2), 1.65 – 1.24 (m, 2H, PhCH2CH2);  
13C NMR (75.4 MHz, CDCl3): δ 155.7, 143.4, 141.8, 134.5, 129.7, 128.5, 125.8, 118.1, 
114.6, 112.8, 76.6, 75.9, 55.7, 44.1, 42.2, 37.3, 31.5;  
FTIR (neat): 3026, 2955, 2849, 1592, 1494, 1460, 1054, 863, 786 cm–1;  
HRMS (EI) m/z Calcd for C19H21O2Cl [M+]: 316.1230. Found: 316.1234;  
The enantiomeric excess was determined by HPLC analysis employing Daicel Chiracel 





















Colorless oil (112 mg, 67%);  
Rf = 0.71 (6:1 hexane/ethyl acetate); 
[α]D25 = – 74.0 o (0.88, CH2Cl2);  
1H NMR (300 MHz, CDCl3): δ 7.37 – 7.18 (m, 9H, Ar–H and Ph–H), 4.34 (dd, J = 11.5, 
2.1 Hz, 1H, Ar–CH), 4.13 (tt, J = 11.5, 4.5 Hz, 1H, ClCH), 3.51 – 3.43 (m, 1H, OCH), 
2.87 – 2.69 (m, 2H, one of CH2), 2.41 – 2.18 (m, 2H, PhCH2), 2.07 – 1.60 (m, 4H, two of 
CH2);  
13C NMR (75.4 MHz, CDCl3): δ 141.7, 140.1, 133.4, 128.6, 128.5, 128.4, 127.1, 125.9, 
75.9, 75.4, 55.5, 44.1, 42.1, 37.3, 31.5;  
FTIR (neat): 3027, 2954, 2927, 2852, 1601, 1493, 1453, 1352, 1087, 1015, 823, 763, 
700, 563 cm–1;  
HRMS (EI) m/z Calcd for C19H20OCl [M-Cl]: 299.1206. Found: 299.1198;  
The enantiomeric excess was determined by HPLC analysis employing Daicel Chiracel 


















Colorless oil (96 mg, 55%);  
Rf = 0.66 (6:1 hexane/ethyl acetate); 
[α]D25 = – 48.1 o (0.66, CH2Cl2);  
1H NMR (300 MHz, CDCl3): δ 8.03 – 7.20 (m, 12H, Nap–H and Ph–H), 5.07 (dd, J = 
11.1, 1.1 Hz, 1H, Nap–CH), 4.29 (tt, J = 11.9, 4.5 Hz, 1H, ClCH), 3.71 – 3.62 (m, 1H, 
OCH), 2.91 – 2.72 (m, 2H, one of CH2), 2.63 – 2.28 (m, 2H, PhCH2), 2.12 – 1.75 (m, 
4H, two of CH2);  
13C NMR (125.0 MHz, CDCl3): δ 141.8, 136.8, 133.8, 130.4, 128.9, 128.5, 128.4, 128.3, 
127.3, 126.1, 125.9, 125.5, 123.3, 123.2, 75.5, 75.4, 55.9, 43.1, 42.6, 37.4, 31.7;  
FTIR (neat): 3061, 2952, 2925, 2855, 1600, 1496, 1454, 1080, 776, 699, 559 cm–1;  
HRMS (EI) m/z Calcd for C23H23OCl [M+]: 350.1437. Found: 350.1440;  
The enantiomeric excess was determined by HPLC analysis employing Daicel Chiracel 




















Colorless oil (84 mg, 56%);  
Rf = 0.65 (6:1 hexane/ethyl acetate); 
[α]D25 = – 46.6 o (0.69, CH2Cl2);  
1H NMR (300 MHz, CDCl3): δ 7.38 – 7.17 (m, 10H, both Ph–H), 4.36 (dd, J = 11.5, 2.1 
Hz, 1H, Ph–CH), 4.15 (tt, J = 11.9, 4.5 Hz, 1H, ClCH), 3.51 – 3.43 (m, 1H, OCH), 2.87 
– 2.69 (m, 2H, one of CH2), 2.43 – 2.18 (m, 2H, PhCH2), 2.05 – 1.63 (m, 4H, two of 
CH2);  
13C NMR (75.4 MHz, CDCl3): δ 141.8, 141.5, 128.5, 128.4 (2C overlap), 127.7, 125.8 
(2C overlap), 76.6, 75.8, 55.8, 44.1, 42.1, 37.3, 31.5;  
FTIR (neat): 3027, 2954, 2926, 2851, 1603, 1495, 1452, 1063, 757, 699, 561 cm–1;  
HRMS (EI) m/z Calcd for C19H21OCl [M+]: 300.1281. Found: 300.1283;  
The enantiomeric excess was determined by HPLC analysis employing Daicel Chiracel 








5.7 ENANTIOSELECTIVE TOTAL SYNTHESIS OF (−)-CENTROLOBINE – 
APPLICATION OF ALLYL-TRANSFER AND PRINS CYCLIZATION 
STRATEGIES 
 















To a solution of (1R)-(–)-10-camphorsulfonic acid (0.1 equiv.) and aldehyde 58 (1.0 
equiv.) in dichloromethane (6 M) under nitrogen at 15 oC was added (1R,2R,4R)-2-allyl-
1,7,7-trimethylbicyclo[2.2.1]heptan-2-ol 24a (3.0 equiv.). The reaction mixture was 
allowed to stir for 5-6 days, maintaining at 15 oC. Upon warming to room temperature, 
the reaction mixture was diluted with dichloromethane, quenched with saturated NaHCO3 
solution (20 mL), extracted with dichloromethane (3 × 10 mL), washed with brine, dried 
over Na2SO4, filtered and concentrated in vacuo. The crude product was purified via 
column chromatography using mix solvent of hexane and ethyl acetate at ratio of 27:1. 
Colorless oil (68%);  
Rf = 0.52 (4:1 hexane/ethyl acetate); 
[α]D25 = – 16.6 o (0.03, CH2Cl2);  
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1H NMR (300 MHz, CDCl3): δ 7.37 – 7.32 (m, 5H, Ph–H), 7.12 (d, J = 8.4 Hz, 2H, two 
of Ar–H), 6.90 (d, J = 8.7 Hz, 2H, two of Ar–H), 5.82 (m, 1H, =CH), 5.14 (dd, J = 13.6, 
1.7 Hz, 2H, =CH2), 5.04 (s, 2H, PhCH2O), 3.72 – 3.62 (m, 1H, HOCH), 2.80 – 2.58 (m, 
2H, =CCH2), 2.36 – 2.12 (m, 1H, ArCH2), 1.79 – 1.72 (m, 2H, ArCH2CH2);  
13C NMR (75.4 MHz, CDCl3): δ 157.1, 137.3, 134.7, 129.3, 128.6 (2C overlap), 127.9, 
127.5, 118.2, 114.9, 70.2, 70.0, 42.1, 38.6, 31.2; 
FTIR (neat) 3236, 2920, 2807, 1639, 1432, 1078, 914, 692, 605, 511 cm-1; 
HRMS (EI) m/z Calcd for C19H22O2 [M]+: 282.1620. Found: 282.1623;  
The enantiomeric excess was determined by HPLC analysis employing Daicel Chiracel 


















To a solution of indium trichloride (1.2 equiv.) and p-anisaldehyde (1.0 equiv.) in 
dichloromethane under nitrogen at 0 oC was added pre-mixed solution of 59 (1.1 equiv.) 
in dichloromethane dropwise. The reaction mixture was allowed to stir for 22 h, 
maintaining at 0 oC. Upon completion, reaction mixture was concentrated in vacuo. The 
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crude product was purified via column chromatography using mix solvent of hexane and 
diethyl ether at ratio of 80-90:1. 
Colorless oil (70%);  
Rf = 0.60 (6:1 hexane/ethyl acetate); 
[α]D25 = – 33.6o (0.07 CH2Cl2);  
1H NMR (300 MHz, CDCl3) δ 7.46 – 7.42 (m, 2H, Ar–H), 7.40 – 7.36 (m, 2H, Ar–H), 
7.34 – 7.26 (m, 3H, Ar–H), 7.10 – 7.06 (m, 2H, Ar–H), 6.92 – 6.88 (m, 4H, Ar–H), 5.04 
(s, 2H, PhCH2–O), 4.28 (dd, J = 11.9, 1.8 Hz, 1H, Ar–CH), 4.25 (tt, J = 11.9, 4.4 Hz, 1H, 
ClCH), 3.81 (s, 3H, OCH3), 3.45 – 3.40 (m, 1H, OCH), 2.75 – 2.65 (m, 2H, one of CH2), 
2.47 – 2.25 (m, 2H, ArCH2), 2.01 – 1.89 (m, 2H, one of CH2), 1.84 – 1.74 (m, 2H, 
ArCH2CH2);  
13C NMR (75.4 MHz, CDCl3) δ 159.2, 157.1, 137.2, 134.2, 133.7, 129.4, 128.6, 127.9, 
127.5, 127.1, 114.7, 113.8, 78.9, 76.6, 70.1, 55.3, 46.8, 45.0, 43.0, 37.5, 30.6;  
FTIR (neat) 2929, 2838, 1609, 1512, 1454, 1246, 1175, 1070, 1031, 907, 829, 734, 551 
cm-1;  
HRMS (EI) m/z Calcd for C27H29BrO3 [M]+: 480.1300. Found: 480.1300;  
The enantiomeric excess was determined by HPLC analysis employing Daicel Chiracel 



















To a solution of 60 in benzene (12 ml) was added Bu3SnH (1.1 equiv.) and 1,1’-
azobis(cyclohexane carbonotrile) (catalytic). The reaction mixture was heated at reflux 
for 16 hours and allowed to cool to room temperature. The reaction mixture was 
quenched with saturated KF solution (25 ml) and the aqueous layer was extracted with 
ethyl acetate (3 × 20 ml). The combined organic extracts are washed with water, brine 
and then dried over anhydrous MgSO4, filtered and concentrated in vacuo. The residual 
crude product was purified via column chromatography (1% ether in hexane) to afford 
the THP. 
Colorless oil (70%);  
Rf = 0.69 (8:1 hexane/ethyl acetate); 
[α]D25 = – 45.0o (0.05, CH2Cl2); 
1H NMR (300 MHz, CDCl3) δ 7.42 (d, J = 7.2 Hz, 2H, Ar–H), 7.40 – 7.35 (m, 2H, Ar–
H), 7.34 – 7.30 (m, 3H, Ar–H), 7.11 (d, J = 8.6 Hz, 2H, Ar–H), 6.91 – 6.86 (m, 4H, Ar–
H), 5.06 (s, 2H, PhCH2–O), 4.32 (d, J = 11.1, 1H, Ar–CH), 3.82 (s, 3H, OCH3), 3.51 – 
3.43 (m, 1H, OCH), 2.82 – 2.67 (m, 2H, ArCH2), 1.96 – 1.63 (m, 6H, three of CH2), 1.57 
– 1.27 (m, 2H, one of CH2). 
13C NMR (75 MHz, CDCl3) δ 158.8, 157.0, 137.4, 136.0, 135.0, 129.4, 128.5, 127.9, 
127.5, 127.1, 114.8, 113.7, 79.1, 77.4, 70.2, 55.3, 38.3, 33.4, 31.3, 30.8, 24.1;  
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FTIR (neat) 3061, 2928, 2857, 1614, 1512, 1460, 1244, 1040, 823, 731 cm-1;  
HRMS (ESI) m/z Calcd for C27H30NaO3 [M + Na]+: 425.2195. Found: 425.2099;  
The enantiomeric excess was determined by HPLC analysis employing a Daicel Chiracel 












A suspension of 61 and Pd/C (10%) (0.1 equiv.) in methanol (3 ml) and ethyl acetate (0.3 
ml) was stirred under H2 atmosphere at room temperature for 3 hours. The reaction 
mixture was filtered over celite and concentrated in vacuo. The residual crude product 
was purified via column chromatography (6% ethyl acetate in hexane) to afford (−)-
centrolobine. 
White solid (86%);  
Rf = 0. (4:1 hexane/ethyl acetate); 
[α]D25 = – 86.1 o (0.13, CH2Cl2); 
1H NMR (300 MHz, CDCl3) δ 7.33 (d, J = 8.7 Hz, 2H, Ar–H), 7.04 (d, J = 8.3 Hz, 2H, 
Ar–H), 6.89 (d, J = 8.7 Hz, 2H, Ar–H), 6.71 (d, J = 8.7 Hz, 2H, Ar–H), 5.29 (brs, 1H, 
OH), 4.32 (dd, J = 11.2, 1.7 Hz, 1H, Ar–CH), 3.81 (s, 3H, OCH3), 3.50 – 3.43 (m, 1H, 
OCH), 2.78 – 2.60 (m, 2H, ArCH2), 1.96-1.82 (m, 4H, two of CH2), 1.79 – 1.70(m, 1H, 
one H of CH2), 1.69 – 1.50 (m, 2H, one of CH2), 1.41 – 1.27 (m, 1H, one H of CH2);  
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13C NMR (75.4 MHz, CDCl3): δ 158.8, 153.6, 135.8, 134.5, 129.5, 127.2, 115.1, 113.7, 
79.2, 77.4, 55.3, 38.3, 33.2, 31.3, 30.8, 24.1.;  
FTIR (KBr) 3401, 2934, 1613, 1513, 1247, 1034 cm-1;  
HRMS (EI) Calcd for C20H24O3 [M+] 312.1725, found 312.1726;  
Anal. Calcd for C20H24O3 x 0.5 H2O: C, 74.73; H, 7.83. Found: C, 74.71; H, 7.84;  
The enantiomeric excess was determined by HPLC analysis employing Daicel Chiracel 
AD column (Hexane: i-propanol 95:5, 1.0 mL/min): t1 = 21.21 min and t2 = 32.12 min. 
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5.8 AN UNUSUAL INDIUM TRIFLATE-MEDIATED OXIDATION OF 
ALDEHYDES 
 
General procedures for indium triflate-mediated oxidation of aldehyde 77 (Table 
19) 
To a stirring solution of indium triflate (0.2 mmol, 1.0 equiv.) in dichloroethane (HPLC 
grade) (1 mL, 0.2 M) was added aldehyde 77 (0.2 mmol, 1.0 equiv.). The reaction was 
brought to reflux. Upon completion, the reaction mixture was allowed to cool to room 
temperature, before adding 5 mL saturated Na2CO3 solution. After the mixture was 
stirred for 15 min, it was extracted with CH2Cl2 (3 × 5 mL). The combined organic layer 
was washed with brine, dried over MgSO4, filtered and concentrated in vacuo. The crude 
product (ketone 78) was purified via column chromatography using mix solvent of 
hexane and ethyl acetate at ratio of 10-90:1.The aqueous layer (containing carboxylic 
acid) was acidified using 1M HCl solution, extracted with CH2Cl2 (3 x 5 mL). The 
combined organic layer was washed with brine, dried over MgSO4 and concentrated in 
vacuo. The crude oil appeared to be the carboxylic acid 79, and required further 





















White solid (11 mg, 16%);  
Rf = 0.74 (3:2 hexane/ethyl acetate); 
1H NMR (300 MHz, CDCl3): δ 5.74 (s, 1H, cyclic =CH), 2.12 (s, 3H, C18 CH3), 1.19 (s, 
3H, C21 CH3), 0.67 (s, 3H, C19 CH3);  
13C NMR (75.4 MHz, CDCl3): δ 209.1, 199.3, 170.8, 123.9, 63.5, 56.0, 53.7, 43.9, 38.7, 
38.6, 35.7, 35.6, 33.9, 32.8, 31.9, 31.5, 24.4, 22.8, 21.0, 17.4, 13.3;  
FTIR (neat): 2912, 1663, 1205, 873 cm–1;  
HRMS (EI) m/z Calcd for C21H30O2 [M+]: 314.2246. Found: 314.2240.  
 
78b: Acetophenone 










78b: Colorless oil (42 mg, 70%, 0.5 mmol);  
Rf = 0.70 (10:1 hexane/ethyl acetate); 
Experimental Section 
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1H NMR (300 MHz, CDCl3): δ 7.98 – 7.95 (m, 2H, Ph–H), 7.59 – 7.44 (m, 3H, Ph–H), 
2.61 (s, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ 200.1, 138.1, 133.2, 128.8, 128.5, 26.9;  
FTIR (neat): 1686, 1601, 1450, 1362, 1268, 956, 766, 692, 589cm–1;  
HRMS (EI) m/z Calcd for C8H8O [M+]:  120.0575. Found: 120.0576. 
 
79b: Colorless oil (3 mg, 4%, 0.5 mmol);  
1H NMR (300 MHz, CDCl3): δ 7.32 – 7.21 (m, 5H, Ph–H), 3.72 (q, J = 5.8 Hz, 1H, CH), 
1.50 (d, J = 5.8 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ 181.1, 139.6, 128.6, 127.5, 127.3, 45.4, 18.1;  
FTIR (neat): 3588, 2997, 1789, 1176, 701, 652 cm–1;  
HRMS (EI) m/z Calcd for C9H10O2 [M+]: 150.0676. Found: 150.0681. 
 
78c: propiophenone 










78c: Colorless oil (44 mg, 66%, 0.5 mmol);  
Rf = 0.71 (10:1 hexane/ethyl acetate); 
1H NMR (300 MHz, CDCl3): δ 7.97 (d, J = 8.7 Hz, 2H, o-Ph–H), 7.59 – 7.53 (m, 1H, p-
Ph–H), 7.48 – 7.43 (m, 2H, m-Ph–H), 3.01 (q, J = 7.3 Hz, 2H, CH2), 1.23 (t, J = 7.3 Hz, 
3H, CH3);  
Experimental Section 
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13C NMR (75.4 MHz, CDCl3): δ 200.9, 136.9, 132.9, 128.6, 128.0, 31.8, 8.2; 
FTIR (neat): 1730, 1688, 1598, 1451, 1221, 952, 746, 696 cm–1;  
HRMS (EI) m/z Calcd for C9H10O [M+]: 134.0732. Found: 134.0732. 
 
79c: Colorless oil (4 mg, 5%, 0.5 mmol);  
1H NMR (300 MHz, CDCl3): δ 7.33 – 7.29 (m, 5H, Ph–H), 3.47 (t, J = 7.7 Hz, 1H, CH), 
2.13 – 1.79 (m, 2H, CH2), 0.88 (t, J = 4.8 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ 178.6, 138.6, 128.7, 128.2, 127.4, 53.2, 26.4, 12.1;  
FTIR (neat): 3600, 2995, 1792, 1166, 699 cm–1;  
HRMS (EI) m/z Calcd for C10H12O2 [M+]: 164.0836. Found: 164.0822. 
 
78d: 2-methyl-1-phenylpropan-1-one 










78d: Colorless oil (36 mg, 48%, 0.5 mmol);  
Rf = 0.65 (10:1 hexane/ethyl acetate); 
1H NMR (300 MHz, CDCl3): δ 7.97 – 7.94 (m, 2H, o-Ph–H), 7.58 – 7.53 (m, 2H, m-Ph–
H), 7.50 – 7.44 (m, 1H, p-Ph–H), 3.61 – 3.52 (m, 1H, CH), 1.22 (d, J = 7.0 Hz, 6H, two 
of CH3);  




FTIR (neat): 1710, 1687, 1451, 1221, 877, 751 cm–1;  
HRMS (EI) m/z Calcd for C10H12O [M+]: 148.0890. Found: 148.0888. 
79d: Colorless oil (4 mg, 5%, 0.5 mmol);  
1H NMR (300 MHz, CDCl3): δ 7.34 – 7.27 (m, 5H, Ph–H), 3.65 (d, J = 7.2 Hz, 1H, 
PhCH), 2.18 – 2.07 (m, 1H, CH), 1.03 (d, J = 4.0 Hz, 6H, two of CH3);  
13C NMR (75.4 MHz, CDCl3): δ 167.7, 133.7, 130.2, 128.9, 128.5, 51.2, 29.7, 14.1, 13.9;  
FTIR (neat): 3592, 1793, 1220, 1093, 701 cm–1;  










Colorless oil (47 mg, 52%, 0.5 mmol);  
Rf = 0.58 (6:1 hexane/ethyl acetate); 
1H NMR (300 MHz, CDCl3): δ 8.00 – 7.96 (m, 3H, Ph–H), 7.82 – 7.79 (m, 2H, p-Ph–H), 
7.69 – 7.49 (m, 4H, Ph–H), 7.31 – 7.27 (m, 1H, Ph–H);  
13C NMR (75.4 MHz, CDCl3): δ 198.6, 139.7, 132.6, 130.3, 128.5;  
FTIR (neat): 2913, 1654, 1595, 1450, 1323, 1280, 766, 707, 695, 633cm–1;  














Colorless oil (53 mg, 62%, 0.5 mmol);  
Rf = 0.68 (4:1 hexane/ethyl acetate); 
1H NMR (300 MHz, CDCl3): δ 8.75 (d, J = 8.7 Hz, 1H, Nap–H), 8.00 (d, J = 8.0 Hz, 1H, 
Nap–H), 7.95 (dd, J = 7.3, 1.1 Hz, 1H, Nap–H), 7.90 – 7.87 (m, 2H, Nap–H), 7.64 – 7.48 
(m, 3H, Nap–H), 2.76 (s, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ 201.8, 133.0, 132.1, 130.7, 128.6, 128.4, 128.1, 127.8, 
126.5, 126.0, 124.3, 30.0;  
FTIR (neat): 1641, 1511, 1234, 779 cm–1;  











Colorless oil (52 mg, 56%, 0.5 mmol);  
Rf = 0.65 (10:1 hexane/ethyl acetate); 
Experimental Section 
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1H NMR (300 MHz, CDCl3): δ 8.56 (d, J = 8.4 Hz, 1H, Nap–H), 7.98 (d, J = 8.0 Hz, 1H, 
Nap–H), 7.89 – 7.84 (m, 2H, Nap–H), 7.61 – 7.47 (m, 3H, Nap–H), 3.08 (q, J = 7.3 Hz, 
2H, CH2), 1.29 (t, J = 7.3 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ 205.3, 136.4, 134.2, 130.2, 128.4, 128.2, 127.8, 127.1, 
126.4, 125.9, 124.4, 35.4, 8.7;  
FTIR (neat): 1720, 1685, 1509, 1173, 767 cm–1;  











Colorless oil (32 mg, 30%, 0.5 mmol);  
Rf = 0.78 (10:1 hexane/ethyl acetate); 
1H NMR (300 MHz, CDCl3): δ 8.53 (d, J = 8.3 Hz, 1H, Nap–H), 7.98 (d, J = 8.4 Hz, 1H, 
Nap–H), 7.89 – 7.81 (m, 2H, Nap–H), 7.61 – 7.47 (m, 3H, Nap–H), 3.05 (t, J = 7.3 Hz, 
2H, O=CCH2), 1.83 – 1.73 (m, 2H, O=CCH2CH2), 1.48 – 1.40 (m, 2H, CH2CH3), 0.96 (t, 
J = 7.3 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ 205.1, 132.2, 128.4, 128.3, 127.8, 126.6, 126.2, 125.8, 
125.6, 124.4, 122.9, 42.1, 26.9, 22.5, 13.9;  
FTIR (neat): 1722, 1682, 1509, 1460, 1173, 778 cm–1;  











Colorless oil (62 mg, 88%, 0.5 mmol);  
1H NMR (300 MHz, CDCl3): δ 2.31 – 2.26 (m, 1H, CH), 1.70 – 1.59 (m, 2H, one of 
HCCH2), 1.58 – 1.45 (m, 2H, one of HCCH2), 1.36 – 1.26 (m, 4H, two of CH2), 0.94 (t, J 
= 4.4 Hz, 3H, one of CH3), 0.89 (t, J = 4.2 Hz, 3H, one of CH3);  
13C NMR (75.4 MHz, CDCl3): δ 182.5, 47.1, 31.5, 29.5, 25.2, 22.6, 13.9, 11.8;  
FTIR (neat): 1708, 1462, 1285, 1230, 946 cm–1;  
HRMS (ESI) m/z Calcd for C8H16O2 [M+]: 144.1150. Found: 144.1136. 
 






Colorless oil (34 mg, 34%, 0.5 mmol);  
1H NMR (300 MHz, CDCl3): δ 2.48 – 2.37 (m, 1Ho=CCH), 1.75 – 1.60 (m, 1H, CH), 
1.50 – 1.39 (m, 2H, O=CCHCH2), 1.37 – 1.32 (m, 2H O=CCHCH2CH2), 1.23 (d, J = 3.8 
Hz, 3H, O=CCHCH3), 1.19 – 1.13 (m, 2H, CH2), 0.98 (d, J = 4.0 Hz, 3H, CHCH3), 0.88 
(s, 9H, three of CH3);  
13C NMR (75.4 MHz, CDCl3): δ 177.8, 52.8, 42.2, 35.1, 31.6, 30.4, 30.3, 30.1 (2C 
overlap), 30.0, 28.0, 16.4;  
FTIR (neat): 1708, 1267, 1243, 942 cm–1;  
Experimental Section 
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HRMS (EI) m/z Calcd for C12H24O2 [M+]: 200.1776. Found: 200.1732. 
 
78k: 6-(benzyloxy)hexan-2-one 







78k: Colorless oil (45 mg, 44%, 0.5 mmol);  
Rf = 0.56 (10:1 hexane/ethyl acetate); 
1H NMR (300 MHz, CDCl3): δ 7.38 – 7.27 (m, 5H, Ph–H), 4.49 (s, 2H, PhCH2), 3.47 (t, 
J = 7.0 Hz, 2H, OCH2), 2.45 (t, J = 7.2 Hz, 2H, O=CCH2), 2.12 (s, 3H, CH3), 1.73 – 1.63 
(m, 4H, two of CH2);  
13C NMR (75.4 MHz, CDCl3): δ 208.9, 138.6, 128.4, 127.7, 127.6, 73.0, 70.0, 43.4, 29.9, 
29.2, 20.7;  
FTIR (neat): 1709, 1455, 1277, 1098, 737, 699 cm–1;  
HRMS (EI) m/z Calcd for C13H18O2 [M+]: 206.1307. Found: 206.1307 
 
79k: Colorless oil (14 mg, 12%, 0.5 mmol);  
1H NMR (300 MHz, CDCl3): δ 7.36 – 7.27 (m, 5H, Ph–H), 4.50 (s, 2H, PhCH2), 3.47 (t, 
J = 7.0 Hz, 2H, OCH2), 2.50 – 2.43 (m, 1H, O=CCH), 1.73 – 1.43 (m, 6H, three of CH2), 
1.13 (d, J = 4.2 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ 182.4, 138.6, 128.4, 127.7, 127.5, 72.9, 70.1, 39.3, 33.3, 
29.6, 23.9, 16.8;  
FTIR (neat): 1709, 1455, 1277, 1098, 737, 699 cm–1;  
Experimental Section 
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HRMS (EI) m/z Calcd for C14H20O3 [M+]: 236.1412. Found: 236.1406 
 







Colorless oil (28 mg, 36 %, 0.5 mmol);  
1H NMR (300 MHz, CDCl3): δ 2.32 – 2.23 (m, 1H, O=CCH), 1.76 – 1.73 (m, 1H, Cy–
H), 1.54 – 0.85 (m, 10H, Cy CH2), 1.13 (d, J = 7.3 Hz, 3H, CH3);  
13C NMR (75.4 MHz, CDCl3): δ 182.7, 45.3, 40.5, 31.2 (2C overlap), 29.5, 26.3 (2C 
overlap), 13.7;  
FTIR (neat): 1706, 1450, 1288, 1240, 1060, 941, 851 cm–1;  
HRMS (ESI) m/z Calcd for C9H16O2 [M+]: 156.1150. Found: 156.1109 
 
 
 
 
